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THE BOTANICAL REVIEW 


INTRODUCTION 


In considering succession in this review, we are concerned with 
secondary, not primary, succession. We are concerned with changes 
of plant cover on a soil that has already been formed, not with the 
action and interaction of organisms and environment over the ages, 
by which a soil is built out of raw rock. Secondary succession is what 
man must manipulate if he is to “manage” the range resource: primary 
succession is not something he can manage in any practical sense be- 
cause his life span is too short. If his management is successful, by 
definition the phases of primary succession involved in normal soil 
development can go forward, presumably as they went forward in a 
state of nature. When his management is unsuccessful, he may set 
destructive processes in motion by which soils built over thousands 
of years can be wiped out in a few decades. 

In speaking of range we are considering not only extensive native 
grasslands but also more diversified plant communities where the 
native vegetation is useful for grazing of either wild or domestic ani- 
mals. In the western United States, these ranges may be dominated by 
forbs, grasses and sedges at high elevations; by aspen or conifer forests 
at intermediate elevations; by mixtures of shrubs and herbs in the 
foothills and better-watered plains; and by desert shrubs in the most 
arid environments. The term “range” in contrast to “pasture” refers 
to lands clothed mostly with native vegetation that cannot be grazed 
heavily with safety, where the principal management tool is manipu- 
lation of the grazing animal to achieve desired successional trends. 
Intensively managed pasture, where introduced species are dominant, 
where grazing is relatively heavy and where improvement is brought 
about by such agronomic practices as artificial fertilization, seeding 
and irrigating, is therefore excluded from consideration here. 

To many people, perhaps to most, the range is simply a romantic 
setting for stories about the Old West—a carefree land where men 
were (once) men. The range is not something just of the past, however; 
it is still with us, not so much a setting for heroics as a resource of 
considerable economic importance. Roughly about three-fourths of the 
area of the United States west of the hundredth meridian is considered 
to be livestock range (U.S. Forest Service, 1936) and even more is 
wildlife habitat. On the western range, there are estimated to be 
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some nine million range cattle, nine and one-half million domestic 
sheep, and four million big-game animals (Wasser et al., 1957). 

Most of this vast area has been so heavily grazed for so long that 
the original plant cover has been depleted, and in many places de- 
stroyed. Although unregulated livestock overgrazing is the principal 
cause, the effects of overgrazing by big game have become increas- 
ingly apparent in recent years. Deer, elk and moose have increased 
in number to such a degree that in many places they are destroying 
their own habitat. 

The economic and ethical consequences of range mismanagement go 
far beyond damage to the forage resource. There is very little of the 
western range where, because of depletion of the plant cover by over- 
grazing, accelerated erosion has not destroyed a portion of the soil 
mantle and thus reduced the productivity of the site. The fact that the 
western tributaries of the Mississippi, as well as those of the Colorado 
and Columbia, flow through rangelands during most of their course 
has much to do with the load of sediment they carry. Vast expenditures 
of public funds have been made, and more are planned, for storage 
reservoirs along these river systems, but the useful life of these reser- 
voirs is being unnecessarily shortened by accelerated siltation (Cooke 
et al., 1950). It was estimated a generation ago that three-quarters of 
the 729 million acres of western range were contributing materially 
to the siltation of streams (U.S. Forest Service, 1936). Possibly im- 
proved grazing practices have lessened the rate of siltation somewhat, 
but if a survey were to be made today, more adequate recognition of 
range depletion and what constitutes accelerated erosion would prob- 
ably show that the figures of the mid-thirties are still reasonably ap- 
plicable. 

Although the western range may still be regarded in more civilized 
parts of the world as wasteland, and admittedly its acre values for 
forage are generally low, the vastness of its area makes it important 
in the national economy. Much of this area is too difficult of access 
or too low in productivity to warrant intensive pastoral practices, so 
that improvement of its protective plant cover and forage value must 
be achieved extensively—that is, by natural successional processes. Eco- 
logical understanding of these processes, which must form the basis 
for effective management, is therefore imperative. The achievement 
of such understanding is a scientific challenge of the first order. 
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OBJECTIVES 


That overgrazing depletes the range is true by definition. The pro- 
cess has been described succinctly by Weaver and Clements (1938) 
as follows: 

“The more palatable species are eaten down, thus rendering the 
uneaten Ones more conspicuous. This quickly throws the advan- 
tage in competition to the side of the latter. Because of more 
water and light, their growth is greatly increased. They are 
enabled to store more food in their propagative organs as well 
as to produce more seed. The grazed species are correspondingly 
handicapped in all these respects by the increase of the less 
palatable species, and the grasses are further weakened by tram- 
pling as stock wanders about in search of food. Soon bare spots 
appear that are colonized by weeds or weedlike species. The 
weeds reproduce vigorously and sooner or later come to occupy 
most of the space between the fragments of the original vegeta- 
tion. Before this condition is reached, usually the stock are forced 
to eat the less palatable species, and these begin to yield to the 
competition of annuals. If grazing is sufficiently severe, these, too, 
may disappear unless they are woody, wholly unpalatable, or 
protected by spines”. 

So much for overgrazing; but what of grazing? Grazing animals 
must certainly be reckoned an elementary environmental factor in 
the ecology of most of ‘the world’s herblands. If the logic of selective 
grazing be followed out, the existence of any grazing pressure means 
a handicap to some desirable species or group of species, and thus by 
successive stages, a descending spiral of depletion. But pristine herb- 
lands were not depleted. Evidently they stood up very well to grazing, 
even though at some times and places the grazing pressures of wild 
herds were marked (Larson, 1940). If the pictures of pristine herb- 
land pieced together by ecologists are correct, its outstanding charac- 
teristics were a near-maximum of cover for the site and a great 
variety and high proportion of palatable species. Obviously grazing— 
as opposed to overgrazing—did not have this depleting effect. 

Furthermore, we have the observed fact of range improvement 
under grazing to consider, i.e., improvement in the face of grazing 
pressure. If the mechanics of palatability were adequate to explain all 
successional trends on the range, grazing, by handicapping the more 
palatable plants and encouraging the less palatable ones, should not 
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permit improvement to occur. But improvement under grazing does 
occur, apparently about as fast, sometimes, as improvement under no 
grazing at all. How are such trends possible? Does grazing benefit the 
vegetation in some way that counteracts its harmful effects? 

Such questions as these prompr this review. Unfortunately the 
literature of range ecology does not have much to offer in the way 
of answers: the word “grazing” in many titles should properly be 
“overgrazing”. This preoccupation with the unnatural and extreme is 
understandable because overgrazing has been so common; but it does 
make difficult an evaluation, from published evidence, of grazing as 
a natural ecological factor. Of this, however, not much is known. 

For one thing, degrees of grazing are not easily defined. The range 
that will support a given number of animal months during one 
period of years may be capable of supporting twice as many during 
a wetter period or perhaps only a third as many during a drier period. 
A depleted range may be heavily utilized by the same number of ani- 
mals that would make only light use of the same range in good con- 
dition. The terms “lightly”, “moderately” and “heavily” grazed are 
not only restricted in significance by being relative instead of abso- 
lute, but, unless production of forage and numbers of animals are 
specified, they are highly subjective. What one author means by “light” 
grazing may very well be “moderate” or even “heavy” grazing to 
someone else. This has been particularly observable with the passage 
of time. The judgments of early students of range ecology were in- 
fluenced not only by grazing experience with pastures in more humid 
environments but also by the fact that much of the range was in 
poor condition and that overgrazing was customary. At a time when 
little was known about requirements of the plants or protection needs 
of the site, much closer utilization was considered moderate than is 
considered moderate today. 

For another thing, difficulties of measuring range vegetation pre- 
cisely have encouraged the study of extremes. Many studies con- 
trast heavy grazing with no grazing, but few evaluate the effects of 
light grazing against no grazing. Most studies are short-term rather 
than long-term, and naturally the trends set up under heavy grazing 
are the soonest observed. Some of the difficulties of measuring range 
vegetation arise from the fact that most grazing types contain numerous 
species of divers growth forms, of which few react exactly alike. 
Trends develop, too, as a result of the interactions between plants and 
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weather, insects and rodents as well as of the grazing treatments that 
are being studied. Hence, the critical student is obliged to regard the 
significance of small differences—the sort of differences one might ex- 
pect between light grazing and no grazing—with skepticism. 

In this review we shall examine successional trends by the major 
plant types of the United States, beginning with the true prairie of 
the Great Plains and moving westward. Most of the changes result- 
ing from severe grazing, we shall see, conform to the pattern outlined 
in the above quotation from Weaver and Clements. However, rather 
than dwell on the destructiveness of overgrazing, which would be to 
belabor the obvious, we shall emphasize studies that seek to evaluate 
the effects of light or moderate grazing. From this perhaps we can 
build a picture of the ecological influence on plant composition of 
grazing as it might be practiced, and particularly of any constructive 
influence that light or moderate grazing may exert. Then we shall 
examine successively the effects of herbage removal on the individual 
plant and on the environment, still with the objective of learning to 
what extent grazing can be considered a constructive ecological force. 


CRITERIA 


The fact that there are many technical difficulties in measurement 
of vegetation is recognized by everyone who has tried to compare re- 
sponses in two parts of any plant community that includes a diversity 
of growth forms. Even more fundamental than the problem of getting 
methods adequate to distinguish the differences one desires to measure 
is the problem of standards by which to evaluate the differences. Ob- 
viously a treatment that results in death of the plant or its diminution 
in the stand can be considered harmful to that plant. From the stand- 
point of successional development, of course, the loss of the plant may 
be an advantage. This example illustrates the fact that, whether we 
wish it or not, subjective judgments must be included in evaluations 
of changes that take place—up or down the successional scale, good 
or bad, from the standpoint of some phase of land management. 

Ordinarily we shall suppose that a treatment which results in aug- 
menting the production of herbage of a species is advantageous to 
that species. This need not always be so. For example, clipping a shrub 
may stimulate its vegetative growth but depress its reproductive 
growth. How does one equate such very different things? 

We shall assume that the best integrated measure of the abundance 
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or volume of vegetation is given by weight production. Other meas- 
ures—cover, basal area, number, frequency of occurrence—are only 
approximations of total weight and in many instances may bear a 
contradictory, not a direct, relation to it. Cover, perhaps the most 
generally used measure, is here considered next in value to weight, 
but even cover may be misleading. For example, in successional trend 
from depleted range to some level closer to climax, tall species replace 
short ones, weight production increases, and cover, which is at a maxi- 
mum with a turf or mat growth form, declines. The inadequacy of 
cover for some purposes is strikingly illustrated by a quotation from 
Albertson et al. (1957) in which change in short-grass cover is re- 
ferred to: “This decreas: was presumed to be due to drought, although 
im some cases, particularly in ungrazed areas, it was due, in part, to 
accumulated mulch.” Here two very different causes, drought and 
mulch, which probably had opposite physiological effects on the plants, 
gave rise to a similar response when the amount of vegetation was 
evaluated in terms of cover. 

The reviewer will be the first to concede that he has not done an 


adequate job of evaluating the significance of results as they may be 
affected by the methods used. The variations that necessarily occur 
because of difference in method, which themselves arise partly be- 
cause of the complexity of vegetation, make a complex subject no 
simpler. 


TRUE PRAIRIE 


The main features of true and tall-grass prairies (which are here 
considered together) have been outlined by Weaver and Clements 
(1938). Much of the area of this former grassland is now under culti- 
vation, and most of that which is unbroken by the plow has been 
greatly altered as a result of heavy grazing. Dr. J. E. Weaver and his 
students at the University of Nebraska have done much to elucidate 
the character of the true and mixed-grass prairies and the changes they 
have undergone because of overgrazing and drought. 

The line dividing true prairie from mixed-grass prairie to the west 
has been described as an ecotone about 50 miles wide through eastern 
Nebraska and central Kansas at approximately 98° 30’ W. longitude 
(Weaver and Bruner, 1954). During the great drought of the mid- 
thirties this line was shifted eastward, and true prairie was replaced 
by mixed-grass prairie in an area 100 to 150 miles wide in central 
Kansas, eastern Nebraska and eastern South Dakota. 
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Weaver and Hansen (1941a) describe the process of degeneration 
under grazing in eastern Nebraska. Those species that decrease in 
abundance under grazing (“decreasers”) include ten grasses and 45 
forbs, of which 13 are legumes. These species were major dominants 
of the prairie in its virgin state. Some of them are: Andropogon ger- 
ardi, A. scoparius, Sorghastrum nutans, Panicum virgatum, Stipa spar- 
tea, Amorpha canescens, Petalostemon spp., Psoralea spp., Aster spp., 
and Liatris spp. Those species that increase under grazing pressure 
(“increasers”) include ten grasses and 28 forbs. Some of these are: 
Poa pratensis, Agropyron smithii, Bouteloua spp., Buchloe dactyloides, 
Carex pennsylvanica, Achillea occidentalis, Antennaria campestris, Ar- 
temista gnaphalodes, Solidago spp., and Vernonia spp. “Invaders”, spe- 
cies that come into the stand when grazing is so severe as to handicap 
the increasers, include many annuals and unpalatable plants. Some 
common genera are: Bromus, Eragrostis, Hordeum, Schedonnardus, 
Sporobolus, Ambrosia, Cirsium, Euphorbia, Plantago, and Verbena. 

Weaver and Hansen describe five degrees of condition, the highest 
approaching the climax and the lowest dominated by short grasses 
and weeds, with evidence of soil ezosion. They do not relate range 
condition to damage from drought; apparently drought overrode dif- 
ferences in plant composition. The degree of grazing during and after 
drought, however, had a very marked influence on recovery.. 

In the same locality Darland and Weaver (1945), Weaver and 
Darland (1948) and Voigt and Weaver (1951) describe the process 
of degeneration in specific areas. In the last-named study, a diagram, 
patterned on one prepared by Dyksterhuis (1949), shows the pro- 
portions of decreasers, increasers and invaders in four condition classes 
and an extrapolation to their presumed proportions in the climax, from 
which we derive the following percentages: 





Climax Excellent Good Fair Poor 


(extrapolated ) 
Decreasers 82 67 34 4 2 or less 
Increasers 16 30 61 88 32 or less 
Invaders 2 2 3 6 47 or more 
Forbs ? 1 2 2 19 
(interpolated ) 


100 
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Note that the “excellent” class is regarded as being somewhat altered 
from the original climax grassland. The authors concede that the 
proportion of forbs may be unduly low in the “excellent” class be- 
cause of grazing and drought. 

Weaver and Tomanek (1951) classify condition on a 290-acre 
range in the same locality and characterize each condition class. Es- 
sentially the same pattern emerges as from other studies. It is inter- 
esting that the average of samples from the “excellent” class comes 
fairly close to the extrapolated “climax” from Voight and Weaver's 
study, with 81 percent of the basal area decreasers, 18 percent in- 
creasers, and one percent invaders. Probably too much significance can 
be attached to such similarities, for the proportions in the different 
classes may be expected to vary with differences in site, weather and 
other environmental influences besides grazing, not to mention dif- 
ferences between ecologists! The proportions in the good, fair and 
poor classes diagrammed by Dyksterhuis (1949), for example, are 
very different from those diagrammed by Voight and Weaver (1951). 

Dry weight and depth of roots in prairies decrease with intensity 
of grazing and decline in range condition (Weaver and Darland, 1948; 
Weaver, 1950). The differences are caused partly by reduced vigor 
of the tall and mid-grass decreasers, and partly by invasion of the 
shorter rooted Poa pratensis and short grasses, with increased grazing 
pressure. 

In the sand hills of northern Nebraska, Tolstead (1942) recognizes 
three stages in degeneration under grazing. When the most palatable 
tall grasses, Andropogon hallii, Eragrostis trichodes and Panicum vir- 
gatum, ate grazed out, Calamovilfa longifolia and Sporobolus cryptan- 
drus become dominant. Under more severe grazing pressure these 
decline, and Muhlenbergia pungens and certain weedy forbs become 
dominant. 

In contrast to the preceding type of approach, in which the process 
of degradation is described, Weaver and Hansen (1941b) describe 
regeneration over a four-year period near Lincoln. They compare a 
native pasture under four years of protection from grazing with native 
prairie that had not been grazed but had been mowed annually. Al- 
though the pasture “had apparently never been greatly overgrazed”, 
its composition was quite unlike that of the prairie. During the four- 
year period of protection there was a gradual replacement of pasture 
grasses, principally Poa pratensis and Sporobolus cryptandrus, with 
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prairie grasses, chiefly the Andropogons and Bomteloua curtipendula. 
From a follow-up study (Weaver, 1954) it appeared that, 13 years 
after the drought, the former pasture had neither the richness of flora 
nor the intimate intermixture of species found in the mowed prairie. 
The influence of mowing in modifying climax prairie, incidentally, is 
suggested by an observed thinning of Poa pratensis as a result of but 
one year’s accumulation of mulch. Presumably P. pratensis could not 
long survive among the taller species in unmown true prairie. 

In central Missouri Drew (1947) concluded that mowing modified 
tall-grass prairie, mainly by reducing certain forbs, and that a dis- 
tinction must be made between “domesticated” prairie and the original 
native grassland. The mowed pasture of Drew’s study was then divided 
by a fence and for 11 years one-half was grazed heavily by cattle 
(Kucera, 1956). The cover of tall and midgrasses was greatly re- 
duced under grazing, as compared with mowing, and there was a 
great increase of “invaders”. One notable effect of heavy grazing was 
the reduction in total number of species from 115 to 67. 

Launchbaugh (1955) compared fields in the San Antonio Prairie 
that were used only for hay, were used for hay and grazed, or were 
grazed at different intensities. These comparisons enabled him to draw 
up a pattern of decreasers, increasers and invaders. Unlike Drew, 
Launchbaugh concluded that areas subjected only to annual mowing 
adequately represented climax vegetation, basing his conclusion on 
the fact that certain perennial forbs appeared to be able to recover 
from mowing and complete their life cycle each year. Although hay 
yields from the grazed meadows were considerably reduced, moderate 
grazing of hay meadows did not alter the plant composition greatly 
from that of ungrazed hay meadows that were mowed. 

A little to the west in a somewhat drier environment on the Edwards 
Plateau, Buechner (1944) set up six stages of succession based on 
degree of depletion from overgrazing. The highest stage is dominated 
by A. scoparius and Stipa leucotricha; the lowest is bare ground. Not- 
able in the intermediate stages of Buechner's scheme are several per- 
ennial species of Aristida. Buechner has reason to believe that a stage 
dominated by Aristida spp. is lower successionally than stages domi- 
nated by Bouteloua spp. and Buchloé—a departure from the usual 
ranking of short and midgrasses. Buechner (1950), in studying the 
pronghorn antelope, also outlined a successional series in four stages 
in southwestern Texas. The climax is characterized by Andropogons, 





INFLUENCE OF GRAZING 1l 


Boutelor. curtipendula and numerous forbs, including several species 
of Dalea, Desmanthus cooleyi and Gaura coccinea—all choice antelope 
food. Intermediate stages are characterized by species of Bouteloua and 
Aristida, and the lowest stage by Triodia pilosa, T. pulchella and 
Aristida divaricata. 

On the Fort Worth Prairie, Dyksterhuis (1946) compared plant 
composition on heavily grazed range, carefully managed range, and 
relic areas that had had little or no grazing. From a comparison of 
indices derived by multiplying coverage by frequency, he concluded 
that the principal decreasers were Andropogon scoparius, A. gerardi, 
Bouteloua curtipendula, B. hirsuta and Sorghastrum nutans, and that 
the principal increasers were Stipa leucotricha, Aristida spp., Buchloé 
dactyloides and Triodia pilosa. Like Launchbaugh (1955), Dykster- 
huis found Andropogon saccharoides to be more abundant under some 
protection than on either overgrazed range or in relic areas of climax 
grassland. This was also true of Sporobolus asper. 

Immediately to the west, in the Western Cross Timbers of Texas, 
Dyksterhuis (1948) showed the usual decrease of tall grasses and 
midgrasses under heavy grazing, and increases of short grasses, an- 
nuals and woody species. He attributed extension of oak forest or 
woodland to reduced competition for soil moisture by herbaceous 
vegetation and to reduced frequency of fires, both because of overgraz- 
ing. This treatment includes a discussicn of the phenology, gross 
morphology and seasonal variations in palatability of the important 
species. The major dominant of the pristine vegetation, Andropogon 
scoparius, for example, is eagerly grazed by cattle every month of the 
year. During September, even on lightly grazed range, cattle feed 
exclusively upon the exserted, immature inflorescences of A. scoparius, 
so that virtually the entire seed crop is consumed. The upright habit 
of this plant and its long season of palatability make it especially sus- 
ceptible to damage by grazing. 

In central Oklahoma Kelting (1954) compared a moderately grazed 
portion of a 1,000-acre pasture with a five-acre area that had not 
been burned or grazed for 25 years, although it had been mowed for 
hay nine years before the study. Cover was greater on the grazed than 
on the relic area. Andropogon scoparius made up approximately half 
the cover on the grazed pasture, but only from a tenth to a quarter 
of the cover on the relic prairie; on this site it would appear that some 
tall grasses, which were more abundant on the relic area, had been re- 
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duced by grazing, so that the midgrass, A. scoparius, was favored. Such 
a trend is also shown by Drew's (1947) data from tall-grass prairie in 
Missouri. On Kelting’s moderately grazed pasture most of the plants 
of A. scoparius were left untouched, whereas patches between them 
were grazed closely, thereby allowing some of the shorter grasses and 
forbs to become established. The larger number of species on the 
grazed pasture—64 as compared with 36 on the relic area—is attribut- 
ed to the disturbance of grazing. Kelting concluded from this single- 
season study that moderate grazing increases the amount of forage 
because cover percentages and oven-dry weights of living material 
were greater in the grazed pasture than in the virgin prairie. He re- 
ported still higher yields from a nearby pasture that had not been 
grazed since the middle of the previous growing season. Perhaps as 
a consequence of greater herbage production, organic carbon was con- 
siderably greater in the pasture soil than in the prairie soil, even 
though the mulch cover was less. 

In the same general area in Oklahoma, although referred to as 
mixed-grass prairie, Smith (1940a) showed the usual decreasers and 
some increasers (Panicum scribnertanum, Bouteloua curtipendula) to 
decrease in abundance, even under an intensity of grazing classified 
by him as “moderate”. Gernert (1936) clipped plots of native prairie 
with a hand sickle and found a tendency over six years for yields to 
be greatest on plots clipped two, three and five times per year, and 
least on plots clipped wight, nine and ten times. Root weights and 
volumes tended to follow the same pattern. 

In the Flint Hills of Kansas Aldous (1930) found that yield of 
vegetation varied inversely with frequency of clipping. Under the 
most severe treatments the Andropogons decreased, and weeds and 
Bouteloua hirsuta increased. To indicate how severe the heavy clipping 
treatments in this study were, Anderson (1940) pointed out that they 
accomplished in three seasons what had taken 40 years or more of 
season-long grazing to do. By deferring spring grazing until mid- 
June, instead of beginning grazing in mid-April or early May, Ander- 
son showed that Andropogon gerardi decreased to about the same ex- 
tent under both systems, A. scoparius decreased much less under de- 
ferred than under continuous grazing, and Bouteloua curtipendula, 
which increased under both systems, increased much more under 
deferred grazing. Sporobolus cryptandrus and Buchloé dactyloides in- 
creased greatly under continuous grazing and changed relatively little 
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under deferred grazing. Thus continuous grazing had essentially the 
same effect as heavy grazing in other experiments: it decreased mid- 
grasses and encouraged short grasses and relatively unpalacable species. 


MIXED-GRASS PRAIRIE 


In mixed-grass prairie, which intergrades with true prairie, a similar 
pattern of increasers, decreasers and invaders has been found (Brinegar 
and Keim, 1942; Allred, 1945; Branson and Weaver, 1953). 

Tomanek and Albertson (1953) compared three areas near Hays, 
Kansas: “One pasture had been stocked very heavily, one moderately, 
and a third had never been more than lightly used since the days of 
the ‘beffalo”. As might be expected, tall grasses and midgrasses made 
up most of the vegetation on the lightly grazed range and least on 
the heavily grazed range, with the proportions of short grasses in 
reverse order. Reactions of species varied somewhat from site to site. 
Bouteloua curtipendula “reacted like both a decreaser and an increaser. 
On the hillsides and ridges it became more abundant with moderate 
use, but as the pressure became greater it decreased. On the rocky 
breaks, however, it increased steadily with greater utilization”. It would 
appear that the pattern of increasers, decreasers and invaders, while 
generally valid on the Plains, becomes complicated in application to 
vegetation of broken topography. 

Similar results were obtained by Tomanek and Albertson (1957) 
in western Kansas. Bowteloua curtipendula again reacted variously 
with site, and B. gracilis departed from the increaser role assigned to it 
in a more humid environment. It increased with moderate grazing but 
decreased under heavy grazing on most sites, and on one it decreased 
under moderate as well as heavy grazing. Total yields tended to decline 
with intenstiy of use during both years of study. These were mainly 
the resultant of declining yields of midgrasses and increasing yields 
of short grasses; and the yields of total forbs, which followed no set 
pattern, tended to complicate the trend. 

Probably the two most important factors affecting range productivity 
are available soil moisture and intensity of grazing. The recovery of 
range vegetation following the great drought of the 1930's in relation 
to grazing intensity is therefore a subject of considerable interest; since 
the influence of drought has been more thoroughly studied on mixed- 
grass prairie than \on any other type of vegetation, we shall consider 
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In evaluating the results of drought studies, it must be kept in mind 
that the distinction between living ard dead vegetation is uncertain 
during periods of extreme drought. Statistics on degree of mortality 
must therefore be regarded with healthy skepticism, and differences, to 
be regarded as significant, should properly be supported by observations 
of survival after the recurrence of normal weather. 

In 1935 Savage (1937) studied survival of Plains grasses in terms 
of basal cover from the Panhandle of Texas to central Nebraska. He 
concluded that, for a given degree of drought, survival was better 
on ungrazed than on moderately grazed range. Where Buchloé dacty- 
loides was a dominant part of the cover in localities where the drought 
was least severe, however, total grass cover increased with grazing in- 
tensity. This latter conclusion was supported by clipping studies. 
Other authors (e.g., Albertson and Weaver, 1944) have recorded a 
phenomenal increase in Buchloé as one of the striking effects observed 
during recovery from drought. 

Weaver and Albertson (1936) agree with Savage in showing a 
greater increase in short-grass cover near Hays, Kansas, between 1932 
and 1935 under moderate grazing than under no grazing, and, sur- 
prisingly, they also show a 20-percent drought loss in basal cover in 
an ungrazed Andropogon scoparius type as compared with an 8)- 
percent loss under moderate grazing. This observation is supported by 
comparisons in three localities where more loss of A. scoparius oc- 
curred between 1934 and 1935 on ungrazed than on moderately grazed 
range. 

The authors explain that lightly or moderately grazed vegetation 
uses less water than the denser vegetation of ungrazed prairie and 
sO maintains a greater basal cover. They did not study soil moisture 
under different degrees of use, however, so there is no objective sup- 
port for this inference. Practically nothing is known about the effects 
of light or moderate grazing on roots in the field, but in view of the 
fact that light clipping does not appear to enhance root growth (Crider, 
1955) and that heavy grazing has been shown to decrease penetration 
of roots (e.g., Tomanek and Albertson, 1957), the validity of this 
explanation is doubtful. Costello and Turner (1941), who observed 
five moderately grazed areas in the short-grass type in which cover 
was greater than on -adjacent protected areas, also explained the dif- 
ference by what we may call the “suicide hypothesis”, but they likewise 
offer no soil-moisture observations or other evidence to support it. 
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Perhaps it is pertindnt to note at this point that differences in degree 
of cover (or “densjty”) are not necessarily paralleled by differences 
in area of transpiring surface. 

Weaver and Albertson (1944) present changes in basal cover over 
a longer period, from 1932 to 1943, also in the short-grass type near 
Hays, Kansas. In contrast to their earlier data, up until 1938 these 
show the ungrazed range to support most cover, the moderately grazed 
range an intermediate amount, and the overgrazed range the least. 
Between 1939 and 1943, years of rapid recovery from drought, these 
consistent relations did not hold, however, and the same explanation 
is again invoked, unsupported by soil-moisture measurements, that the 
ungrazed vegetation used the most soil water. This report also shows _ 
a graph of recovery of basal cover between 1935 and 1943 in an 
Andropogon scoparius type in which ungrazed and overgrazed vegeta- 
tion recovered at about the same rate. This is explainable because of 
the greater cover of short grass, particularly Buchloé, on the over- 
grazed range. 

Short-term studies in western Kansas (Cressler, 1942; Lacey, 1942; 
Tomanek, 1948) suggest that mixed-grass range is more productive 
of cover, or recovers from drought and dusting more rapidly, under 
light or moderate grazing than under no grazing. Despite absence of 
statistical control in these studies, the conclusion is probably valid: 
some grazing in the mixed-grass type favors short grasses at the ex- 
pense of midgrasses and results in an increase in cover. Furthermore, 
production of herbage in terms of weight may be stimulated for a year 
or two (Albertson ef al., 1953). 

In the mixed-grass association in western Kansas, Albertson and 
Weaver (1944) selected pastures in four degrees of condition that 
had been reduced to short grass by drought and overgrazing, and 
studied them through two years of recovery, 1940 and 1941. As might 
be expected, they found that basal cover and yield tended to decline 
from the best to the poorest degree of condition. Utilizing four clip- 
ping treatments, these authors clipped the grass to one-half inch 
monthly (May through August) and to ground level at the end of 
the season as follows: 

Treatment 1: Clipped monthly in 1940 and 1941. 
Treatment 2: Clipped monthly in 1940 and at end of 1941. 
Treatment 3: Unclipped in 1940; clipped monthly in 1941. 
Treatment 4: Unclipped in 1940; clipped at end of 1941. 
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In all but the poorest pastures the 1941 yields of short grasses followed 
the order: 4 > 3 > 2> 1. Response of grasses in the poorest pas- 
tures was erratic, presumably because these pastures contained large 
numbers of annual weeds. Thus production, even of short grasses, 
varied inversely with intensity of utilization, but if midgrasses had 
been abundant, it seems probable that the reaction of the short grasses 
might have been different. 

Albertson e¢ al. (1957) evaluated the 1952-55 drought in the cen- 
tral Great Plains in relation to grazing. They estimated predrought 
cover and live cover (“density”) in 1955, and calculated from these 
estimates the degree of loss due to drought and grazing. The heavily 
grazed ranges lost a greater proportion of their predrought cover than 
the moderately grazed ranges, and these in turn less than the un- 
grazed ranges. It would thus appear that, even by the criterion of cover, 
moderate grazing did not help the vegetation withstand the influence 
of drought. 

Albertson et al. (1953) conducted a six-year clipping study in a 
short-grass type near Hays, Kansas, which is particularly interesting 
because some of the treatments correspond to light or moderate graz- 
ing. From the authors’ summary histogram of the six-year average yield 
of clipped and unclipped grass, one may estimate that the lightest 
two treatments removed between 20 and 25 percent of the total pro- 
duction. They found, as most studies show, an inverse relation between 
frequency or intensity of clipping and yield. This became obvious only 
after the third and fourth years, however, because clipping stimulated 
production during the early years. In the last two years of the study 
total production declined. in the following sequence of the three lightest 
treatments: 

Unclipped. 

Beginning June 25 clipped every six weeks at a height of two inches 
on 60 percent of the area; remainder of the area unclipped. 

Beginning June 10 clipped every four weeks at a height of one and 
one-half inches on 80 percent of the area. 

At the end of the study the number of weeds was less on the un- 
clipped than on the clipped quadrats, and broad-leaved forbs were par- 
ticularly numerous on the severely clipped quadrats. 

Another clipping study that includes some light treatments is one 
by Whitman and Helgeson (1946) in southwestern North Dakota. In 
this study total grass yields declined over a seven-year period under 
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all intensities of clipping, even clipping only once in a season to a 
height of three inches. This intensity is estimated by the reviewer to 
represent 20-percent removal of Bowteloua gracilis, 25 percent for 
Carex filifolia, 43 percent for Stipa comata, and 73 percent for Agro- 
pyron smithii, These estimates are considered by Whitman (personal 
communication) to be close to correct. On one of the two sites forbs 
increased to compensate for the loss in grass, but, since forbs increased 
inside the exclosure generally, not just on the clipped plots, this in- 
crease may have been caused by some factor other than clipping. 

Numerous studies on the Plains show the disadvantage to plants 
of severe grazing or clipping or that the short grasses are favored by 
clipping or grazing in proportion to the degree to which the taller 
growing midgrasses are handicapped (Sarvis, 1923, 1941; Black e¢ al., 
1937; Lang and Barnes, 1942; Clarke et al., 1943; Holscher, 1945; 
Lodge, 1954). 

Sarvis (1941) concluded at Mandan, North Dakota, that deferred 
and rotation grazing would permit closer utilization than the vegetation 
could tolerate under continuous grazing. Rogler (1951), reporting on 
a continuation of these same experiments until 1946 (they had begun 
in 1916), concluded that no major changes in plant composition were 
caused by moderate continuous grazing (1 steer to 7 acres from mid- 
May to mid-October), or by a somewhat heavier degree of rotational 
grazing (1 steer to 5 acres). Under these intensities of use, decreasers 
(Agropyron smithii, Stipa comata, Koeleria cristata, Psoralea argzo- 
phylla) were still abundant after 34 years, and increasers (Artemisia 
frigida, Bouteloua gracilis) either decreased or were maintained at 
about the same level. The emphasis by these authors and by Black 
et al. (1937), who could detect little or no injury to the vegetation at 
’ Ardmore, South Dakota, by close grazing or clipping, is upon animal 
weights; and their analysis of the vegetation from the standpoint of 
our inquiry suggests only that short-grass vegetation of the northern 
Great Plains is remarkably resistant to grazing. 

Hanson et al. (1931), studying spring-deferred and continuous sys- 
tems of grazing at the western edge of the Plains in Colorado, showed 
that Agropyron smit/ _.as encouraged by deferred and rotation graz- 
ing, and that Bowteloua gracilis tended to be most abundant under 
continuous grazing. Differences in vegetation were not so marked as 
to indicate a very heavy degree of grazing under either system. The 
authors concluded that increasing abundance of Psoralea tenuiflora, 
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Artemisia gnaphalodes and Sophora sericea, and decreasing abundance 
of Senecio perplexus, Helianthus pumilus and Astragalus drummondii 
may be used as delicate indicators of downward range trend. 

Comparing small relic areas, such as cemeteries, with heavily grazed 
range in eastern Montana, Wright and Wright (1948) showed that 
dominance by short grasses and midgrasses had given way to domi- 
nance by the unpalatable shrubs, Artemtsia tridentata, Chrysothamnus 
nauseosus and Gutierrezia sarothrae, under heavy grazing. 

Larson and Whitman (1942) present a comparison in southwestern 
South Dakota that is especially interesting because the harvesting 
treatments do not appear to have been severe. They compare six-acre 
Medicine Butte, which apparently had never been grazed even by wild 
animals, 79-acre Little Wolf Table, which had had moderate inter- 
mittent use since settlement, and 600-acre Big Wolf Table, which had 
been mowed and grazed lightly for 40 years. Data on frequency, 
abundance and production show that there is a trend from midgrass 
to short-grass dominance with increasing use, and a marked, parallel 
trend in the amounts of accumulated litter. Any degree of use would 
therefore appear to handicap the midgrasses in favor of the short 
grasses. This study supports Larson’s (1940) suggestion that there 
were enough buffalo and other wild animals on the Plains to maintain 
the short-grass climax before the advent of domestic livestock. 

On the basis of soil and relic areas, Moss and Campbell (1947) 
have outlined the pristine extent of a northern prairie dominated by 
Festuca scabrella in northern and western Alberta, and its contact with 
the mixed-grass prairie dominated by Stipa comata in the southeastern 
third of the Province. These authors believe that the original Festuca 
association included about 20 grass, three sedge, ten shrub and 115 
forb species, most of which were rare or occasional. Somewhat more 
than 100 additional species also occur in the grassland but are con- 
sidered more characteristic of other communities. The effect of graz- 
ing and mowing has been to reduce Festuca and increase other spe- 
cies, with Festuca tending to persist in moist situations and in the 
protection of shrubs. Shrubs and such forbs as Lupinus leucopsis and 
Artemisia spp. become abundant under grazing but are kept down by 
mowing. In some areas Carex eleocharis becomes dominant under graz- 
ing; elsewhere Carex spp., Artemisia frigida and Antennaria spp. dom- 
inate, together with Stipa comata, Bouteloua gracilis and Agropyron 
smithi. \t is believed that these latter species, characteristic in mixed- 


- 
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grass prairie farther south, persisted on dry, south-facing slopes or 
certain kinds of soils, and have spread to overgrazed pastures since 
settlement. Andropogon scoparius is noted as having this same charac- 
teristic in southwestern Alberta. Moss and Campbell point out that 
certain woody plants invade this grassland, notably willows and pop- 
lars, followed by conifers, and that the invasion is retarded by graz- 
ing. This is in contrast to invasion of grassland by woody plants in 
drier areas, a process that appears to be strongly encouraged by grazing. 


DESERT GRASSLAND 


Jardine and Forsling (1922) outlined the course of deterioration 
as a result of overgrazing Bouteloua eriopoda on the Jornada Ex- 
perimental Range near Las Cruces, New Mexico. According to this 
account, the first stage is marked by an abundance of annual grasses 
and forbs and short-lived perennials scattered . nong the Bouteloua. 
This is followed by dominance of certain perennial grasses and forbs, 
including species of Sporobolus, Croton, Solanum and Psilostrophe, 
and this stage is followed by dominance of the half shrub, Gutierrezia 
sarothrae. The final stage of deterioration, accompanied by the effects 
of wind erosion, is dominance by Prosopis glandulosa. In the same area 
during a three-year period of ample rainfall and lessened grazing, 
Campbell (1929) outlined a reverse course of succession from P. glan- 
dulosa sand dunes to the B. eriopoda climax in a somewhat different 
sequence: mat forbs, ruderal weeds, Gutierrezia, Sporobolus and other 
grasses, and finally B. eriopoda. There is a suggestion, in a six-year 
study of trends in Bouteloua and Gutierrezia (Campbell and Bom- 
berger, 1934), that Gutierrezia is the less stable because of suscepti- 
bility to drought and insects. Also, as Bouteloua increased, forbs, an- 
nual grasses and the perennial grasses, Sporobolus flexuosus, Aristida 
pansa and A. purpurea, declined. These observations, and fenceline 
comparisons made by Gardner (1951), lend support to some of the 
intermediate sequences of successions previously deduced. Gardner 
concluded that an increase in unpalatable half shribs such as Gutier- 
rezia marked an early stage in recovery of former desert grasslands now 
dominated by shrubs like Larrea divaricata. No evidence is given in 
any of these papers of observed replacement of long-lived shrubs, such 
as Prosopis or Larrea, by herbaceous plants. 

The effects of grazing B. eriopoda on the Jornada Experimental 
Range have been reported by Nelson (1934) from 1915 to 1927 and 
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by Paulsen (1956) through 1953. With one interesting exception, 
changes of grass cover varied inversely with grazing intensity. The 
exception was the maintenance of more cover under conservative 
grazing (less than 40 percent utilization) than under complete pro- 
tection. The explanation suggested (Nelson, p. 31) is that “conserva- 
tive grazing appears to break up the large, separated tufts formed 
under freedom from use into smaller tufts better adapted to make 
efficient use of the available soil moisture.” Why this process should 
be an improvement in its physiological effect over the breaking up 
of ungrazed tufts because of drought (Nelson, p. 17) is not clear. 
As with previously noted explanations of this sort, no evaluation of 
actual soil moisture was made. 

In southern Arizona, Canfield (1948) found that tall, coarse- 
stemmed grasses, such as Trichachne californica, Bouteloua curtipendula 
and B. eriopoda, which were scarce on heavily grazed range, made up 
a high percentage of the composition after long periods of protection. 
Overgrazing caused a tendency toward dominance by such short-lived 
perennial grasses as Bouteloua rothrockii and B. filiformis, and by 
such shrubs as Aplopappus tenuisectus and Prosopis velutina. Canfield 
concluded that, when the soil had not been greatly eroded and the 
composition of the vegetation not drastically altered by overgrazing, 
the rate of range recovery under conservative grazing is approximately 
equal to that under total protection. 

Comparative data given by Canfield, be it noted, are in terms of 
percentage composition, not in terms of cover or yield. In comparing 
a grazed site with one that had been protected for 30 years near 
Silver City, New Mexico, Gardner (1950) found little difference in 
percentage composition, but about half as much basal area of grasses 
as on the protected range. 

Numerous students have concluded that the desert grasslands of 
the Southwest have been invaded by woody species as a direct or 
indirect result of overgrazing (e.g., Smith, 1899; Bray, 1901; Clements, 
1934; Allred, 1949; Gardner, 1951; Parker and Martin, 1952; Glen- 
dening and Paulsen, 1955). In almost solitary opposition, Malin 
(1953) attempts to show from historical records that woody species, 
particularly mesquite (Prosopis spp.), have not extended their area 
in historic times, although he concedes that some mesquite stands 
have become denser. 

Parker and Martin (1952), in discussing the invasion of southern 
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Arizona rangelands by mesquite, point out a number of causes for 
the advance of these woody plants: reduction in grass cover from over- 
grazing and drought’, cessation of range fires, and dissemination and 
planting of seed by livestock and wild animals. They state that species 
of mesquite dominate the vegetation on more than 70 million acres 
in the Southwest and estimate conservatively that at least half this 
vast area has been occupied during the past 100 years. These authors 
and Glendening and Paulsen (1955) show that, although grasses tend 
tO suppress young mesquite plants, once the shrubs get established 
they continue to increase in number and crown spread while cover 
of grass declines. Except with half shrubs like Aplopappus tenuisectus 
(Humphrey, 1937; Canfield, 1948; Brown, 1950), it appears that 
mere cessation of grazing and increase of grasses will not reverse the 
trend from dominance by woody vegetation. Haskell (1945) found 
little change, even in A. tenuisectus, however, after 18 years of con- 
servative grazing near Oracle, Arizona. 

Glendening (1952) shows that four species of cactus have in- 
creased on the Santa Rita Experimental Range in southern Arizona, 
regardless of grazing treatment. He suggests that the increase of 
mesquite has had a tendency to dry the soil of a former grassland site 
and, as reflected by the invasion of true desert species, to transform 
it essentially into a desert site. 

Cactus, mainly Opuntia spp., may become an important part of 
Plains vegetation, not only in desert grassland but in mixed-grass and 
true prairie, particularly during periods of drought (Weaver and 
Albertson, 1940, 1944). Although increase in cactus is sometimes 
attributed directly to overgrazing, on the western Plains Turner and 
Costello (1942) could detect neither differences in trend over five- 
and six-year periods between two areas of grazed and protected range, 
nor in abundance of cactus between 13 areas that had been protected 
from grazing for ten to 40 years and comparable range subject to 
heavy use. This may not have been an adequate test; as noted above, 
the increase of herbaceous vegetation following cessation of grazing 
does not necessarily cause a decrease of established woody plants. 


1 The basis for assigning this role to drought is obscure. That disturbance of 
the grass cover should favor woody invaders is understandable, but that 
thinning of the grass cover by drought should fayor the establishment of 
a shrub like mesquite seems doubtful. It is possible, of course, that drought 
might encourage the spread of some woody plants with exclusively superficial 
root systems, like the cacti, and not others like mesquite and juniper. 
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In Kansas Cook (1942) concluded that three insects, most im- 
portant of which was a moth, Melitara dentata, keep Opuntia humifusa 
in check during years of moderate or abundant rainfall, but that the 
decline of the moth during drought enables the cactus to increase 
and take advantage of bare areas created by the death of herbaceous 
vegetation. Cook observed that cactus in areas having a dense herba- 
ceous growth tended to be much more heavily infested by moth lar- 
vae than cactus in overgrazed areas lacking such herbaceous growth. 
Holscher (1944), observing O. polyacantha in eastern Montana fol- 
lowing the drought of the thirties, reached a similar conclusion. 

Miller (1921) noted the aggressive invasion of grassy openings by 
juniper in northern Arizona; and from growth rings he showed that 
the invasion began shortly before 1900. Leopold (1924) also described 
the aggressive spread of juniper and other woody plants in Arizona, 
and correiated this spread with cessation of range fires, overgrazing 
and accelerated erosion since settlement. Thinning of the grass cover 
and exposure of bare soil by overgrazing is believed by Parker (1945) 
to be the principal cause for the spread of juniper. This conclusion 
is corroborated by an observation in Texas of 2.3 times as many “cedar 
trees” per acre on range in fair condition as on range across the fence 
in good condition (Mann and Hayes, 1948). 

The spread of juniper in Texas is attributed by Wolff (1948) to 
thinning of the grass cover by overgrazing and dissemination of the 
seeds through birds, jackrabbits, cottontails, foxes, coyotes and other 
wild animals. In Arizona Miller (1921) attributed the dissemination 
of juniper seed to sheep, but in Texas Wolff did not find much evi- 
dence to indicate that domestic livestock were a material factor in 
dissemination. 

The aggressive spread of woody plants brings up the highly con- 
troversial question of the importance of fire in maintaining grassland, 
particularly desert grassland. The question, put another way, is whether 
a particular grassland is truly climax or whether it is subclimax to 
woodland or forest. It must be recognized that two effects of overgraz- 
ing, which are almost inextricably associated, are involved in the in- 
vasion of woody plants. One is a reduction in fuel, the other a reduc- 
tion in competing ability of the herbaceous vegetation. Thus it is 
quite possible that, lacking an independent evaluation of the reduc- 
tion in vigor and of the opening of stand of the herbaceous plants, 
the influence of fire has been overrated, at least for some species. Fire 
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is effective in reducing some woody species, but not others, particularly 
sprouting forms. Reynolds and Bohning (1956) obtained a much 
greater fire kill of Aplopappus tenuisectus and various cacti than of 
mesquite. Glendening and Paulsen (1955) were able to kill an ap- 
preciable proportion of only the smallest mesquite plants with fire. 
Evidence that plant competition is more important than fire is pro- 
vided by Rummell’s (1951) observation of aggressive ponderosa pine 
reproduction in an overgrazed park in eastern Washington as com- 
pared with very little in a comparable park in virgin condition. Neither 
area had been completely burned over for at least 125 years. 

It seems quite possible that the invasion of grassland by trees in 
the broad, irregular transition from forest to prairie in the Middle 
West, which has aroused the curiosity of many ecologists (e.g., Cowles, 
1928), may have been caused by a factor seldom suggested—overgraz- 
ing of the settlers’ livestock. 


The death of woody plants in grassland during drought is doubtless 
valid evidence that they are invaders because of some abnormal dis- 
turbance such as overgrazing. Death of oaks has been noted par- 


ticularly, eg., at the prairie edge in Illinois during the 1913-1914 
drought (Transeau, 1935), at the western edge of the Western Cross 
Timbers in Texas during the great drought of the 1930's (Dyksterhuis, 
1948), and in the Edwards Plateau region of Texas during the 1949- 
1954 drought (Young, 1956). This last account is of interest here 
because of the observation (although without comparative data) that 
death of woody plants was more pronounced on lightly grazed ranges 
having vigorous herbaceous cover than on heavily grazed ranges where 
the herbaceous cover was depleted. The observation is also made that, 
in addition to several species of oak, Ashe juniper was hard hit by 
drought, but not mesquite or pricklypear. 

Although death from drought may be valid evidence of abnormal 
invasion, survival is not necesserily evidence that a woody species be- 
longs in the grassland in which it occurs. It appears that some deep- 
rooted woody species, such as mesquite, once they have become well 
established, are in the grassland to stay. It would appear that the failure 
of a woody plant in herbaceous vegetation occurs normally in the 
seedling stage. Thus, although its dying is evidence that it is an in- 
vader, its survival, after a woody species has become established, is 
not necessarily evidence that it is part of the natural vegetation. 
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SOUTHERN DESERT SHRUB 


In a southern desert shrub type near Tucson, Blydenstein e¢ al. 
(1957) noted considerably greater frequency of occurrence of grasses 
and such palatable shrubs as Krameria grayi after 50 years of pro- 
tection than under grazing. At the same time there was appreciably 
less of the unpalatable Franseria deltoidea. These facts suggest that 
the “occasional light use” this range receives has had an appreciably 
detrimental effect. 


PACIFIC PRAIRIE 


Burcham (1957) has combined a historical and ecological approach 
to describe trends that have taken place on California rangelands. The 
original Central Valley prairie in California was dominated by bunch- 
grasses, mainly species of Stipa, and contained numerous species of 
annual and perennial forby The north coastal prairie, a more meso- 
phytic, discontinuous grassland on ridges and dry exposures, was also 
made up of perennial bunchgrasses and forbs. The basic reason for the 
wholesale replacement of the native species by a vegetation dominated 


by Mediterranean annuals was abusively heavy grazing which reached 
its peak in the beginning of a period of severe drought that culminated 
about 1863. 


Burcham gives evidence to show that there have been four stages 
in a historical succession in which progressively less palatable annuals 
have replaced more palatable species. These stages the author relates 
to contemporary stages of a descending scale of plant succession on 
California rangelands under different intensities of use. The first stage, 
characterized by Avena fatua, A. barbata and Brassica nigra, was most 
prominent between 1845 and 1855. The second stage, characterized 
by Erodium cicutarium, Hordeum leporinum, Gastridium ventricosum 
and native annuals like Festuca megalura, was dominant from about 
1855 to 1870. The third stage, in which introduced species of Hor- 

“deum, Bromus rubens, Aira caryophyllea and a number of forbs were 
dominant, began to be conspicuous between 1870 and 1880 and is 
widespread today. The fourth stage, now evident in some areas, is 
characterized by such undesirable species as Elymus caput-medusae, 
Aegilops triuncialis, Brachypodium distachyon, Cynosurus echinatus and 
Hypochaeris spp. In short, from the time the original vegetation was 
destroyed by overgrazing 100 years ago, the successional sequence has 
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been one of continuing depletion, of replacement of less desirable 
forage species by invading species even less desirable. 

This is a black picture of plant succession under grazing, but Bur- 
cham does suggest constructive possibilities under management. He 
gives an example of how a range in San Diego County was greatly 
improved by rotational grazing. The plan was to handicap certain 
early-maturing undesirable annuals by heavy grazing in early spring 
when herbage production was not yet well advanced. These include 
annual species of Festuca and Hordeum, together with Bromus rigidus, 
B. rubens, Gastridium and Aira. Such heavy grazing inhibits seed pro- 
duction by these plants but does not greatly handicap seed production 
by somewhat later-maturing, more desirable plants, including Bromus 
mollis and species of Avena, Lolium, Erodium, Medicago, Trifoliurn 
and certain native and introduced perennial grasses. These species, 
which develop during the period of most rapid growth, are not grazed 
so heavily, since the number of stock that grazes heavily in early spring 
is not sufficient to utilize the greater volume of forage that develops 
later. Finally, because of the depletion of soil moisture by the desir- 
able species, certain later-maturing undesirable plants, including Ely- 
mus caput-medusae and species of Aegilops, Cynosurus, Madia and 
Hemizonia, are handicapped. 

This last point is hard to understand because elsewhere the author 
points out that “frequently late rains provided moisture for additional 
growth of perennials after grazing ended in May”. If this late-spring 
moisture helps the perennial grasses, why doesn’t it also help the low- 
value weeds of early summer, midsummer, or later? Two things are 
lacking in the evidence presented as to the causes of the trend observed, 
an exact quantitative comparison and an evaluation of other factors, 
such as precipitation, that might have influenced it. 

Sampson e¢ al. (1951) and Sampson (1952), following an earlier 
study (Sampson, i919), present successional scales for California foot- 
hill annual and mountain perennial ranges. These are correlated, at 
least by implication, with parallel stages of soil development, but no 
observational evidence for these parallel successions is given. 

Under total protection of a highly productive annual range in the 
woodland type of the foothills of California there was a complete 
reversal of plant composition in two years, from a 98-percent cover 
of forbs to a 96-percent cover of grasses (Talbot et al., 1939; Talbot 
and Biswell, 1942). Erodium spp. dropped from over 80 percent to 
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three percent of the cover under complete protection, to 14 percent 
where cattle were excluded but not rodents, and only to 50 percent 
on range grazed both by livestock and rodents. Under total protection 
Bromus rigidus became dominant in the fourth and fifth years, but 
this undesirable species made up less than one percent of the cover 
at all times where either rodents, or livestock and rodents, were pres- 
ent. From such studies Bentley and Talbot (1951) came to the con- 
clusion that the most desirable composition of this annual vegetation 
is maintained by some grazing. If the range is grazed lightly or not 
at all, there is a tendency for tall annual grasses to increase and shade 
out Erodium, Trifolium and other valuable, low-growing plants. 


PALOUSE GRASSLAND 


This very complex association extends from northern Utah and 
southern Idaho through eastern Oregon and Washington, and 250 
miles into the southern interior of British Columbia. It has been di- 
vided into a relatively moist Festuca zone and a drier Agropyron zone 
(Weaver, 1917; Daubenmire, 1942, 1952). On dry sites and toward 
the southern end of its area this association merges imperceptibly into 
the sagebrush association of the northern desert shrub formation 
(Shantz, 1925). As a result of livestock overgrazing, the herbaceous 
components of the sagebrush association have diminished and the 
proportion of sagebrush has increased (Blaisdell, 1953), and sage- 
brush has tended to invade the drier parts of the Palouse grassland. 
(Stoddart, 1941). 

Tisdale's (1947) analysis of changes due to overgrazing in the grass- 
lands of southern British Columbia is probably the most comprehen- 
sive treatment available. The effect of overgrazing in the moister zone 
has been to reduce Agropyron spicatum and Festuca scabrella and to 
encourage the increase or invasion of Stipa columbiana, Poa secunda, 
Bromus tectorum and the vegetatively spreading species, Poa pratensis, 
Achillea lanulosa and Antennaria parvifolia in what Tisdale calls the 
Stipa-Poa and the Poa-Bromus associes. Farther south in eastern Wash- 
ington Festuca scabrella drops out of the climax and F. idahoensis 
becomes codominant with Agropyron. Forbs form a greater propor- 
tion of the climax cover, and scattered, dwarfed, shrubs (Prunus, Rosa, 
Symphoricarpos) become somewhat more conspicuous (Daubenmire, 
1952). 
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In the drier (Tisdale's Agropyron-Poa) zone the dominant species 
are Agropyron spicatum and Poa secunda. Two communities that have 
developed as a result of overgrazing are the Stipa-Agropyron-Poa 
and the Bromus-Poa-Stipa associes, the latter representing the more 
severe depletion. Tisdale notes that, if light grazing is practised in the 
Bromus associes, the perennial grasses increase and Bromus declines. 
This has been observed widely elsewhere in the Intermountain region 
(Pickford, 1942). Vegetation in this zone as far south as northern 
Utah and as far east as south-central Montana appears to react simi- 
larly to grazing pressure and fire—toward dominance of Artemista tri- 
dentata and Bromus tectorum (Stoddart, 1941; Humphrey and Lister, 
1941; Young, 1943; Humphrey, 1945a, 1945b; Wright and Wright, 
1948). 

Daubenmire (1940) concluded that the “biotic climax” under sheep 
grazing in southeastern Washington was not a stand dominated by B. 
tectorum but one dominated by Poa secunda and small annual forbs. 
Since the response of the vegetation was different than that of similar 
vegetation elsewhere in the Intermountain West, Daubenmire sug- 
gested that environmental conditions in southeastern Washington 
might be somehow atypical. It seems more reasonable to suggest that 
his example of a “biotic climax” is range that is more ‘intensively and 
severely grazed than usual, for Piemeisel (1945) has shown in southern 
Idaho that annual forbs can be maintained, and B. tectorum kept from 
achieving dominance, by such recurrent disturbance as the close graz- 
ing of jackrabbits. 

In the same general area in which Daubenmire worked, Young 
(1943) indicates that both on the moist Festuca type and the dry 
Agropyron type these grasses give way under grazing pressure (wheth- 
er cattle or sheep is not specified) to species of such forbs as Lupinus, 
Potentilla, Lomatium, Astragalus and Achillea, the shrub Chrysotham- 
nus nauseosus, and the grasses Bromus tectorum and Poa secunda. Bro- 
mus may comprise as much as 90 percent of the vegetation. 

It is an interesting fact that B. tectorum was not mentioned by 
Weaver (1917) who studied the Palouse grassland from 1912 to 1914. 
It is given conspicuous recognition by all the later authors that have 
been cited. This aggressive Mediterranean annual, evidently aided by 
livestock grazing and probably imported repeatedly from the sagebrush 
association where it had become a dominant, made itself at home in 
the Palouse grassland within 25 years. 
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NORTHERN DESERT SHRUB 
SAGEBRUSH ASSOCIATION 


The extent and character of the sagebrush association in pristine 
condition will probably never be known accurately. The association 
covered much of the plains and foothills of the Intermountain West. 
It occupied the area that was most heavily grazed by domestic live- 
stock soonest after settlement, and much of it has since come under 
cultivation. Probably it was for the most part an open stand of shrubs, 
with a highly diversified understory of perennial grasses and forbs 
(Blaisdell, 1953). As a result of disturbance, mostly by overgrazing, 
it appears that sagebrush has extended into other types where its 
existence is marginal. This is suggested by an example of change in 
north-central Wyoming in which sagebrush was strongly reduced as 
grasses increased after only eight years of moderate grazing and de- 
ferment during the grazing season (Cooper, 1953). Another example 
is derived from the death of sagebrush in association with grass in 
southeastern Montana, because of drought and grasshoppers, in con- 
trast to its survival on overgrazed range (Allred, 1941). Still another 
example to similar effect is Tisdale's (1947) observation in the Tran- 
quille Range of British Columbia, that Chrysothamnus nauseosus de- 
creased markedly, and Artemisia tridentata somewhat less markedly, 
during four years of reduced grazing with a concomitant increase in 
grasses. 


It is going too far, however, in this reviewer's opinion, to consider 
this association to be properly grassland, and the presence of sage- 
brush throughout essentially its entire area to be a result of man’s 
disturbance, as Clements and Clements (1941) do. 

In eastern Idaho it has been shown that spring grazing by sheep 
depletes the herbaceous components of the sagebrush association and 
increases the sagebrush (A. ¢ripartita); but that heavy fall grazing 
by sheep, after the herbaceous species have dried, favors them rather 
than the sagebrush (Craddock and Forsling, 1938; Mueggler, 1950). 
Mueggler’s data suggest that under fall sheep grazing A. tripartita 
formed about the same proportion of the vegetation in 1949 as in 
1924, but the presence of many dead A. ¢ripartita plants in the fall- 
grazed area indicates that the sagebrush has in fact declined. It would 
appear that a comparison of proportions based upon cover in 1924 
and upon weight in 1949 obscures this essential change. This infer- 





INFLUENCE OF GRAZING 29 


ence is supported by the fact that, at the end of six years of reversed 
treatments, there has been a perceptible reversal in effect, which in- 
dicates that the A. tripartita and other shrubs are indeed reduced, and 
the more palatable herbaceous components of the vegetation increased, 
by fall grazing (Jack E. Schmautz, personal communication). This is 
one of the few instances known to the reviewer where grazing pressure 
can be applied under range conditions to achieve improvement of 
the forage. It appears that fairly heavy late fall grazing, with light 
grazing in spring under a rotational system, will favor and maintain 
the herbaceous vegetation and hold the shrubs in check. 

The fact that under heavy grazing most palatable grasses and forbs 
are reduced and sagebrush increases has been recorded by many authors 
(Pickford, 1932; Cottam and Stewart, 1940; Shantz and Piemeisel, 
1940; Tisdale, 1947; Bleak, 1948). Where they occur in proximity 
to the sagebrush association, juniper and pinyon may invade areas 
with deep soil occupied by sagebrush or herbaceous vegetation (Cottam 
and Stewart, 1940; Woodbury, 1947), just as they invade desert grass- 
land. The reason is evidently heavy grazing’s weakening the herbaceous 
vegetation and reducing the supply of fuel. In general, heavy grazing 
by sheep in the sagebrush association reduces forbs, such as Lupinus, 
Balsamorhiza and Penstemon, more completely than the perennial 
grasses, whereas heavy grazing by cattle has the reverse effect. 

Ecological effects of overgrazing in the sagebrush-grass type are com- 
plicated by the effects of fire and cultivation. A. tridentata is very 
sensitive to fire, and fire can be utilized to reduce it and make herba- 
ceous forage more readily available (Blaisdell, 1953). However, fire 
has many undesirable effects, one of which, coupled with overgrazing, 
is to encourage the spread and dominance of cheatgrass, Bromus tec- 
torum (Hull and Pechanec, 1947; Robertson and Kennedy, 1954). 
On sagebrush-cheatgrass range there appears to be a continual tug of 
war: sagebrush persistently reinvades, but recurrent fires maintain 
dominance of the annuals. 

The relations between annual species induced as a result of -culti- 
vation, fire and overgrazing have been carefully studied over many 
years and analyzed by Piemeisel (1938, 1945, 1951). Piemeisel’s 
studies show that any extreme disturbance that results in denudation 
of the perennial plant cover is followed by a regular sequence of an- 
nual plant communities: two years of dominance by Salsola kali fol- 
lowed by two years of dominance by annual mustards (Descurainia, 
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Sisymbrium), and from the fifth year onward dominance by Bromus 
tectorum. This time scale of annual succession, which is very little 
affected by fluctuations in weather, depends upon freedom from dis- 
turbance. The sequence can be interrupted and held back by such dis- 
turbances as excessive livestock grazing or feeding of jackrabbits. Over 
a longer period, and depending upon the availability of seed of sage- 
brush and perennial grasses, Bromus is eventually replaced by these. 


SHADSCALE ASSOCIATION 


This association includes a variety of desert communities dominated 
by widely spaced low shrubs. The principal genera are Atriplex, Ar- 
temisia, Eurotia, Chrysothamnus, Grayia, Kochia and Sarcobatus. 
Grasses are sparsely dispersed—Oryzopsis, Hilaria, Sitanion, Stipa, Bou- 
teloua—and perennial forbs are not numerous, the most common, per- 
haps, being species of Sphaeralcea. Annual forbs and grasses may be 
conspicuous in especially wet growing seasons. Salsola kali has re- 
cently become widespread as a consequence of depletion of plant cover 
(Stewart, et al. 1940). Shantz and Piemeisel (1940) observed that by 
1915 Salsola was still restricted to parts of Escalante Valley, Utah, and 
noted that in 1912 Kearney e¢ al. (1914) had not recorded this species 
at all in Tooele Valley. Still more recently, spread of the poisonous 
Halogeton glomeratus, an annual similar to Salsola, has received con- 
siderable notoriety. Bromus tectorum may be locally dominant where 
grazing has reduced or eliminated the desert shrubs. 


The shadscale association is used primarily for winter range, par- 
ticularly by sheep. Because of soil salinity and low precipitation, areas 
dominated by this vegetation are not widely used for crop agriculture. 
This is in contrast to the area of the sagebrush association which, 
because of generally fertile soils and greater precipitation, is the most 
important area of cultivated land in the Intermountain region. 


Stewart e¢ al. (1940) surveyed two desert valleys in western Utah, 
one of which had been much more severely grazed over a longer 
period than the other. They compared numbers of living and dead 
plants by types and age-class distributions, and came to the conclusions 
that heavy grazing was destroying Oryzopsis hymenoides and Grayia 
spinosa, and had greatly reduced the quantity of Ewrotia lanata and 
Artemisia nova. As Shantz and Piemeisel (1940) had observed in 
1915, they concluded that Chrysothamnus stenophyllus was replacing, 
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and Salsola had replaced, more valuable species over extensive areas. 
Protection or moderate grazing over a period of years has con- 
firmed and extended these earlier observations (Hutchings and Stewart, 
1953) by establishing trends in which the palatable species have in- 
creased while less palatable ones have declined. Such changes have 
taken place under managed grazing, even though the herbage of a 
palatable species like Artemisia nova is utilized 65 percent, while that 
of Chrysothamnus stenophyllus is utilized only ten percent. Differences 
in trends are of course most marked in contrasts between severe graz- 
ing and moderate grazing or protection. On experimental pastures 
where differences in utilization were not great, only trends of produc- 
tion of Eurotia showed marked differences in response to use-intensity. 
Over a 13-year period the increase of Eurotia under moderate grazing 
was faster than under either light or heavy grazing. Possibly the in- 
crease was faster under moderate than under light grazing because 
there was markedly less Eurotia in the lightly grazed pastures to begin 
with and therefore not much difference in utilization intensity. 


MOUNTAIN RANGELANDS 
MOUNTAIN BRUSH AND CHAPARRAL ZONE 


The effect of intensive livestock grazing on the lower mountain 
slopes, dominated in Utah by Quercus gambelii and other tall shrubs, 
has been to reduce the proportion of herbaceous vegetation and the 
more palatable shrubs and to increase the proportion of less palatable 
species (Forsling and Storm, 1929; Cottam and Evans, 1945). The 
abundance of grass on scrub-oak range used in common by deer and 
cattle is inversely correlated with intensity of cattle utilization (Julan- 
der and Robinette, 1950), so that scarcity of Agropyron spicatum may 
be used as an indicator of the degree of cattle use. In the Cercocarpus 
ledifolius type in Utah, heavy grazing in spring and fall by either 
sheep or cattle reduces the production of perennial forbs and grasses 
(and because of increased bare ground, increases the annuals), and 
increases the volume of the relatively unpalatable Artemisia tridentata. 
On the other hand, heavy winter grazing by deer in the same type 
reduces the productivity of C. ledifolius, a favored deer forage, but does 
not alter the productivity of perennial forbs and grasses materially, and, 
as a result, does not increase the proportion of annuals (Julander, 


1955). 
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In the pinyon-juniper woodland of northern Arizona, excessive 
browsing by deer has reduced shrubby vegetation and favored the 
growth of herbaceous species less readily eaten by deer. In places most 
of the plants of Cowania stansburiana had been killed during the 
Kaibab irruption. At higher elevations, in the ponderosa pine and 
spruce-fir zones, much of the Ceanothus fendleri, Symphoricarpos, Ru- 
bus and Salix had been killed, and all recent aspen sprouts (Populus 
tremuloides) were grazed back closely (Rasmussen, 1941). 


MONTANE FOREST ZONE 


On heavily grazed ponderosa pine range in northwestern New 
Mexico, Gardner and Hubbell (1943) noted that the invading rubber- 
weed, Actinea richardsoni, had declined after eight years of protection, 
while certain other species had increased. Perhaps because of the 
insensitivity of frequency data as a measure of change, no difference 
could be detected between trends on completely protected and lightly 
grazed range. 


In northern Arizona the invasion of heavily grazed grassy openings 


by pine has been conspicuous (Leopold, 1924; Pearson, 1936). Pear- 
son (1923) noted that seedlings of Pinus ponderosa were more likely 
to grow vigorously where herbaceous vegetation was grazed than where 
the grass was thick. On the basis of these observations and studies in 
which competing grasses were variously reduced, he concluded that 
very heavy grazing when a good cone crop was in evidence and dur- 
ing the following year of seedling establishment should be an effective 
silvicultural tool (Pearson, 1934, 1942, 1950). Most emphasis in early 
studies by foresters was on the damage done by grazing, especially 
sheep grazing, to pine reproduction (Hill, 1917; Sparhawk, 1918; 
Jardine, 1920; Pearson, 1923; Loveridge, 1924). That such damage 
to pine reproduction was so serious is probably an accurate reflection 
(by present-day standards) of the customary severity of grazing prac- 
ticed when the West was young. 

In central Washington a positive relation between reproduction of 
P. ponderosa and heavy grazing has also been reported by Rummell 
(1951) who compared an area that had never been grazed by domes- 
tic livestock with one that had been heavily grazed for 40 years. 
Rummell concluded that livestock overgrazing is more important in 
fostering the successful establishment of young trees than freedom 
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from fire. The most striking effect of heavy grazing, in addition to 
encouraging pines in grassy openings, was the reduction of grasses, 
principally Calamagrostis rubescens, to half or less of the cover they 
formed on the virgin range. 

Johnson (1956) compared the effects of four degrees of forage 
utilization by cattle on vegetation in ponderosa pine parkland in cen- 
tral Colorado. As such comparisons usually show, heavy grazing (utili- 
zation of 50 percent or more of palatable grass and sedge herbage) 
damaged the more palatable species and tended to encourage the un- 
palatable ones. Fortunately for our purpose, the study includes com- 
parisons of production of vegetation under protection for ten years 
as well as under light (10 to 20 percent) and moderate (30 to 40 
percent) utilization of palatable grasses and sedges. The most abundant 
palatable grasses were Muhlenbergia montana and Festuca arizonica. 
Other palatable species that were markedly less abundant were Carex 
spp., Andropogon scoparius and Astragalus goniatus. Species of com- 
paratively low palatability were Bouwteloua gracilis, Antennaria rosea, 
Artemisia frigida and Erigeron flagellaris. 

In general, the production of palatable species tended to be higher 
under protection than under light or moderate use, and with one 
notable exception the production of unpalatable species tended to be 
lower. This exception was Artemisia frigida which was more produc- 
tive on protected areas than on any of the grazed range and in greater 
number than on either the moderately or lightly grazed range. No 
explanation is offered for this anomaly. In short, although the dif- 
ferences between no grazing and light or moderate grazing are by 
no means clear-cut, many of them seem sufficiently marked to be real. 
They give no suggestion that light or moderate grazing has a positive 
effect in furthering succession toward the climax, as opposed to no 
grazing at all, but instead, a retarding effect. 

Pickford and Reid (1948) distinguished two levels of range con- 
dition in ponderosa pine openings in eastern Oregon, pointing out 
that these openings are more heavily grazed than areas overshadowed 
by timber and therefore are likely to be rapidly depleted. In bunch- 
grass openings in good condition more than 50 percent of the ground 
is covered by vegetation. The dominant species are Agropyron spica- 
tum, Festuca idahoensts and Koeleria cristata. In good-condition, dry- 
meadow openings the covet is almost complete and consists mostly 
of Agrostis diegoensis, Poa pratensis and Festuca rubra. 
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Using range-survey techniques, mountain meadows in eastern Ore- 
gon and Washington are arranged by the same authors (Reid and 
Pickford, 1946) into four condition classes relating to depletion from 
overgrazing. Good- or excellent-condition meadows have a two-thirds 
cover, mostly of perennial grasses and sedges, with Deschampsia caes- 
pitosa overwhelmingly dominant. On very-poor-condition meadows 
vegetation covers only about one-tenth of the ground surface, and 
nearly two-thirds of it is made up of annual grasses and forbs. Similar 
classifications have been made for Sierra Nevada wet meadows (Crane, 
1950) and for mountain grasslands in southwestern Alberta (Hanson, 
1951). 


SUBALPINE ZONE 


The subalpine zone of the Wasatch Plateau in central Utah was 
the site of an early successional study by Sampson (1919). This high- 
elevation herbland had been virtually denuded by uncontrolled and 
exploitative overgrazing from about 1870 to 1905, and attention was — 
directed to the devastated condition of the range by mud-rock floods 
that damaged settlements at the canyon mouths. A. W. Sampson, who 


laid out the pioneer study that has demonstrated the important in- 
fluence of herbaceous vegetation in controlling erosion and floods 
(Sampson and Weyl, 1918; Forsling, 1931), devised a successional 
scheme in four stages and inserted these between an assumed forest 
climax at the top and early stages of soil formation from parent rock 
at the bottom. Since several successional studies in relation to grazing 
have been patterned on this model, it will be examined in some detail 
here. 

The lowest stage treated by Sampson (1919) in any detail was 
the first-weed stage or “ruderal-early-weed consociation” in which the 
dominants were annual weeds of such genera as Chenopodium, Collo- 
mia, Madia, Orthocarpus and Descurainia. The next higher (second 
weed) stage was the “foxglove-sweetsage-yarrow consociation” in which 
the chief dominants were Penstemon rydbergti, Artemisia discolor 
and Achillea lanulosa. The third, the mixed-grass-and-weed stage, re- 
ferred to as the “porcupinegrass-yellowbrush consociation”, contained 
many species but had Stipa lettermani and Chrysothamnus viscids- 
florus as principal dominants. The fourth stage was the herbaceous 
climax, the “wheatgrass consociation”, dominated by either bunch 
wheatgrass (Agropyron trachycaulum) or turf wheatgrass (A. dasysta- 
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chyum). In this sequence, and in its relations to successional stages 
above and below it, Sampson made no distinction between primary 
and secondary succession and emphasized the reversibility of the pro- 
cess—i.e., that “retrogressive” succession proceeds through the same 
stages as “progressive” succession but in reverse order. 

Ellison’s (1954) treatment of succession in the same area differs 
sharply from Sampson's in most respects. It agrees in the essential 
characteristics of the first-weed stage on denuded soil surfaces, which 
Ellison refers to as “communities of ephemerals”. He considers the 
communities of perennial species, which were arranged by Sampson 
into three successive stages, as essentially equivalent, determined pri- 
marily by grazing pressure—those dominated by grasses reflecting 
overgrazing by sheep, and those dominated by forbs reflecting over- 
grazing by cattle. He shows that the ranges of many of the species 
dominant in these grazing-induced communities have increased in 
the subalpine zone, and that some of these species have evidently been 
introduced from elsewhere. Not all the invading species are unpalatable. 
Taraxacum officinale, for example, is relished by sheep, but because 
of its rosette habit and precocity in flowering and fruiting, together 
with the suppression of taller vegetation by severe grazing, Taraxacum 
flourishes on heavily grazed sheep range. 

The original herbland, instead of being dominated by wheatgrasses, 
Ellison considers to have been a rich mixture of tall, rather succulent 
forbs, grasses and sedges, making nearly a complete cover of vegeta- 
tion and litter, and with the following species dominant: Mertensia 
leonardi, Agropyron trachycaulum, Valeriana occidentalis, Osmorhiza 
occidentalis, Heracleum lanatum, Angelica pinnata, Polemonium folio- 
sissimum, Evigeron speciosus, Bromus carinatus, B. anomalus, Carex 
festivella, C. hoodii, C. raynoldsii, Aquilegia coerulea, Castelleja sul- 
phurea, C. leonardi. 

Ellison distinguishes between primary succession, in which soil 
formation is involved, and the much more rapid changes that take 
place upon a developed soil in the course of secondary successions. 
He shows that the sequence of events in primary succession and soil 
development in the subalpine zone of the Wasatch Plateau are very 
different, indeed, from the changes brought about by overgrazing. 
On the basis of comparative soil development, he shows that on warm, 
dry exposures the herbaceous vegetation could nor be subclimax to 
spruce-fir forest, but that, if the communities were sequentially related 
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at all, the tree-dominated community must be the more primitive. 
Finally he distinguishes changes involving accelerated soil erosion 
as “destructive change” in contrast to ordinary succession, pointing out 
that “It is ruinous for the range manager to be guided by the belief 
that vegetal changes associated with accelerated erosion are the counter- 
part of normal, primary succession, and that accelerated erosion is 
merely the counterpart of normal soil development”. 

On the basis of range-survey data, Pickford and Reid (1942) pre- 
sent a successional sequence much like Sampson's for the subalpine 
herblands of the Wallowa and Blue Mountains of eastern Oregon. The 
climax grassland is considered to have been dominated by one species, 
Festuca viridula, in virtually a pure stand and forming a nearly com- 
plete cover. Below this is a transition stage, a mixed-grass-and-weed 
type in which cover is only 20 to 40 percent of that in the F. viridula 
type, and in which the following species are most abundant: F. viridula, 
Stipa columbiana, Carex spp., Lupinus leucophyllus, Gilia nuttallii, 
Eriogonum spp., and Artemisia tridentata. 

Next lower on the successional scale is the second-weed stage, the 
weed-needlegrass type, which seems very little different from the transi- 
tion stage, having a somewhat lesser cover and smaller proportions of 
the same species. Agastache urticifolia was important in this stage in 
the Wallowa Mountains, and Polygonum phytolaccaefolium in the Blue 
Mountains. 

In this successional scheme accelerated soil erosion. and stage of 
succession are considered to be correlated. Soil losses in the F. viridula 
type are estimated to have been about two tons per acre during the 
lives of existing F. viridula plants, a rate considered by the authors 
to approximate the geologic normal. This is in marked contrast to the 
reviewer's conception of normal erosion in the subalpine ‘zone in 
central Utah as being, except for land slips, essentially imperceptible. 
Losses in the mixed grass and weed stage are estimated to have been 
between 212 and 606 toms per acre, and in the second weed stage 
927 tons per acre. Although the destructive nature of accelerated soil 
erosion is recognized, its incongruity as part of a successional scale 
is not. 


EFFECTS OF HERBAGE REMOVAL 
FROM INDIVIDUAL PLANTS 


Although the influence of grazing may be exerted in many ways— 
trampling, fertilizing the soil, introducing plants from some other 
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area through dissemination of seed—the most obvious influence is that 
of reducing the volume of herbage and the area of photosynthetic 
surface. Many studies have sought to evaluate the influence of grazing 
by clipping herbage artificially to various degrees and at various 
times during the plant’s growth cycle. The advantages and disadvant- 
ages of clipping studies have been discussed by Culley e¢ al. (1933) 
who conclude that, although clipping does not simulate grazing pre- 
cisely, it can be a useful tool when applied with judgment in con- 
nection with studies of actual grazing. 

In this section we shall consider the effects of clipping on the 
individual plant—first in the greenhouse, then in the field. Most of 
the clipping studies in which an interaction of different species is 
involved have been considered uncer the effects of grazing in the 
major range types. For the most part, we shall not concern ourselves 
with clipping studies of humid pastures. These have been reviewed 
recently by Wagner (1952). 


GREENHOUSE STUDIES 


Conditions for plant growth in the greenhouse are presumably opti- 
mum, particularly because moisture stress can be minimized. Never- 
theless, greenhouse studies show that reduction of photosynthetic 
surface by clipping reduces production of both herbage and roots 
_as compared with those of unclipped controls (Robertson, 1933; 
Carter and Law, 1948; Branson, 1956). The more frequent or more 
severe the defoliation, the more markedly production is depressed. 
Biswell and Weaver (1933) concluded that frequent clipping not only 
reduced the production of prairie species but lowered their resistance 
to freezing because clipped sods that had been frozen and planted 
recovered much more slowly than control sods. 

Among many investigators to demonstrate lowered production fol- 
lowing clipping were Parker and Sampson (1931) who used Stipa 
pulchra and Bromus hordeaceus plants in nutrient solution. They ob- 
served that regeneration of tops was immediate after harvesting with 
a sharp acceleration in growth of leaf blades for about 24 hours, and 
that then the rate of elongation declined, as compared with the rate 
on unharvested plants. They also noted that root growth of Stipa 
ceased for nearly 15 days, and of Bromus for eight days after harvesting. 


Root mortality of plants that are severely clipped may be high. 
This was demonstrated by Weaver and Zink (1946) and Weaver and 
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Darland (1947) who marked numerous roots with metal bands, im- 
posed clipping treatments in the greenhouse for part of a growing 
season, and then appraised the mortality of roots of clipped and 
unclipped plants. 

In Parker and Sampson's study, single harvestings did not appear 
to reduce root yields more than top yields. In close and repeated 
harvestings, however, root production is the more markedly reduced. 
A thorough review of the effects of herbage removal on roots is 
given by Troughton (1957). In practically every study, the effect of 
herbage removal has been reflected in reduced root production. 

Elongation of tops is often stimulated by clipping (Parker and Samp- 
son, 1931; Robertson, 1933; Branson, 1956) so that cumulative height 
growth of plants frequently clipped tends to be greater than that of 
unclipped plants. Inasmuch as root production is the more markedly 
reduced by clipping, it would appear that the stimulated regrowth of 
foliage is made at the expense of root growth. Thus the roots of a 
grazed plant are probably handicapped, as compared with those of an 
ungrazed plant, in competing for soil moisture. 

Most studies have shown that clipping tends to reduce or retard 
tillering in grasses (Finnell, 1929; McCarty, 1932; Robertson, 1933; 
Hubbard and Harper, 1949; Cook and Stoddart, 1953; Sprague, 1954; 
Branson, 1956). Leopold (1949), however, demonstrated in one ex- 
periment that removing the shoot apices stimulated tillering in teo- 
sinte and barley, and concluded that auxin produced at the shoot apex 
inhibits tillering. These apparently contradictory results may be recon- 
ciled if it is assumed that little tissue was destroyed in Leopold's 
experiment and that in the other experiments the influence of auxin 
was overshadowed by the damage done in clipping. 

In most experiments the clipping treatments are severe. Usually 
the plants are harvested completely or clipped to a height of about 
an inch. Crider’s (1955) studies on root growth in response to clip- 
ping are particularly interesting because they include some light treat- 
ments. Chloris gayana plants 64 days after seeding were clipped once 
to remove 10, 20, 30, 40, 50, 60, 70, 80 and 90 percent of their tops 
by volume. As compared with growth of roots of ti:e control plants 33 
days later, growth of roots of all clipped plants was checked—least by 
the 10 percent and most by the 90 percent clipping. That total root 
production under 10 and 20 percent clipping was significantly less than 
that of the unclipped controls may be questioned, but the consistency 
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of the decline with degree of clipping suggests that the effect is a real 
one. The study indicates that no level of harvesting, not even the 
lightest, encourages root production in Chloris, even though there is 
a suggestion of some stimulation within a week after clipping at the 
lightest intensities. 

The retardation of production of main roots was not directly pro- 
portional to degree of defoliation but became intensified as defolia- 
tion increased. The depression of root production from zero to 20 
percent defoliation, for example, was not so marked as the depression 
of root production between 60 and 80 percent. 

Like Parker and Sampson (1931), Crider showed that severe de- 
foliation resulted in complete stoppage of root growth. Unfortunately 
for our purpose, Crider did not include an appraisal of clipping in- 
tensity on production of herbage. 


FIELD CLIPPING OF HERBS 


In three prairie and four pasture types near Lincoln, Nebraska, Wea- 
ver and Hougen (1939) demonstrated the harmful effect of frequent 
clipping on Andropogon scoparius and A. gerardi in terms of produc- 
tion the year following treatment. During the first year of treatment, 
production of the two Andropogons was as great on the clipped quad- 
rats as on controls clipped at the end of the season. The yields of un- 
derground parts were smaller for plants that had been closely and 
repeatedly clipped than for unclipped plants. Bukey and Weaver 
(1939) showed that severe clipping decreased the percentage of cer- 
tain carbohydrates in these roots. 

It may be wondered why clipping carried out in the field, particu- 
larly during the drought year 1934, should not show more marked 
depressions of yields than the greenhouse study by Biswell and Weaver 
(1933). The reasons are probably that the intervals between clippings 
in the greenhouse study were shorter, and that growth was 10 to 30 
times as fast in the greenhouse as in the open, doubtless exhausting 
root reserves more completely than slower growth in the field. 

From observation of prairie species, Branson (1953) suggests that 
a high growing point and a large proportion of reproductive to vege- 
tative shoots make a species susceptible to damage from grazing— 
two qualities that the same species may not possess. Thus the growing 
points of the Panicum virgatum and Agropyron smithii studied reached 
a height of 20 inches by the end of summer, whereas those of Andro- 
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pogon scoparius were only an inch above the ground; while, on the 
other hand, Panicum and Andropogon had two or three flowering 
stems to every vegetative stem, whereas Agropyron had only one re- 
productive stem in 17. In this comparison, Panicum, having two 
counts against it, should be the most susceptible to grazing damage. 
The resistant short grasses and Poa pratensis have small proportions 
of flowering stems as well as low growing points. 

Newell and Keim (1947) compared the effects of mowing at 
monthly intervals with a single midsummer harvest, using several 
grasses over a five-year period. The yield from single cuttings of the 
native Andropogon furcatus, Panicum virgatum and Bouteloua curti- 
pendula, and of the pasture grasses Bromus inermis and Poa pratensis, 
increased from year to year as compared with the total yield from more 
frequent cuttings. The short grasses were more resistant to frequent 
mowing: the yields of Bouteloua gracilis from frequent and single 
mowings did not differ significantly, even in the fifth year, and those 
of Buchloé dactyloides only by the fifth year. The authors point out 
that in this true-prairie environment frequent mowing helped Buchloé 
by keeping the weeds down, whereas in the once-cut plots there was 
a gradual loss of Buchloé during the last three years because of shading 
by weeds and taller invading grasses. No effect of mowing was noted 
with Elymus junceus. 

Cutting either once or four times during two growing seasons near 
Madison, Wisconsin, reduced numbers of Andropogon gerardi and 
Panicum virgatum and increased numbers of A. scoparius and Bow- 
teloua curtipendula plants (Robocker and Miller, 1955). A photo 
taken in the next growing season shows height of the once-cut stand 
to be distinctly less than height of the control. On the same plots 
Neiland and Curtis (1956) observed that foliage height and pro- 
duction of foliage per unit basal area from clipped plants were reduced 
by a single midsummer clipping and roughly in proportion to degree 
of defoliation. Repeated removal of between 35 and 75 percent of 
the foliage reduced available carbohydrates in the crowns markedly. 

Using row plantings of Elymus junceus, Thain (1954) found dur- 
ing a single year that production of tops and roots declined with 
frequency of clipping. Because of renewed growth, production of pro- 
tein was increased with frequent clipping, but the amount of stored 
carbohydrates in roots and stem bases declined even more markedly 
than herbage and root production. 
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In the desert grassland of southern New Mexico, Canfield (1939) 
carried on a clipping experiment with Bouteloua eriopoda and Hilaria 
mutica over an 11-year period. All clipping treatments with Bouteloua 
proved too severe, even the lightest (end-season clip to two inches), 
partly because of wind erosion. On the other hand, frequent clipping 
to a four-inch height seemed to encourage Hilaria, a rhizomatous 
species growing in flooded depressions. 

In the Intermountain West the response of Agropyron spicatum 
to defoliation has received considerable attention. Hanson and Stod- 
dart (1940) showed that heavily grazed plants were smaller, pro- 
duced fewer seeds and had markedly fewer roots which penetrated 
less deeply than ungrazed plants. Stoddart (1946) conducted a clip- 
ping study on this species in northern Utah for two years. The severe 
clipping treatments to heights of one and two inches, including fall 
clipping alone, reduced yield the second year and, except for very 
early spring and for fall clipping, caused heavy death losses. In Mon- 
tana MclIlvanie (1942) showed that repeated close clipping during 
the period of vegetative growth strongly reduced carbohydrate storage 
in the roots and stem bases of A. spicatum. In Montana, too, Heady 
(1950) conciuded that clipping of A. spicatum once to six inches at 
the flowering stage was too severe a treatment to permit the plants 
to maintain themselves. 

Blaisdell and Pechanec (1949), working on the Snake River Plains 
of eastern Idaho, showed that clipping A. spicatum to ground level 
at any date, except after dormancy in the fall, reduced leaf height, 
flower stalk production and herbage production the following year, 
in comparison with plants that had not been clipped at all. Balsamor- 
hiza sagittata responded similarly but not quite so markedly: perhaps 
stored foods were less severely depleted in the heavy taproot of this 
forb. With both species, flower stalk production was the most sensitive 
criterion of injury. These results show very clearly the importance 
of season, which had been stressed by Stoddart: defoliations depress 
production most that are made when growth is well advanced in 
spring, root reserves are expended and substantial regrowth during 
the dry summer is impossible. 

Driscoll (1957) clipped Carex geyeri for three years in eastern 
Oregon, removing 20, 40 and 60 percent of the forage during the 
summer. Although herbage production was not significantly affected, 
production of seed stalks was progressively reduced. 
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Working in the Wallowa Mountains of Oregon, Sampson (1914) 
concluded, although without presenting the evidence, that clipping 
Festuca viridula after the date of seed maturity—about September 1— 
did not damage the plants, and that flower stalks were produced fully 
as early, as uniformly, and as profusely on clipped plants as on plants 
that had remained unmolested. 

Sampson and Malmsten (1926) observed that most of the clipping 
treatments they applied were harmful to Agropyrom trachycaulum and 
Bromus carinatus in the mountains of central Utah. They came to the 
conclusion that early or frequent clipping was harmful to plants, but 
that late and infrequent clipping was not harmful and possibly bene- 
ficial. More elaborate studies (McCarty and Price, 1942) in the same 
locality, however, showed that both moderate grazing during summer 
and moderate grazing after seed maturity depressed the sugar and 
starch content of roots and stem bases in Bromus and Agropyron as 
compared with no grazing. Very early or very late single clippings 
depressed yields less than any other clipping treatments over a three- 
year period, but even these treatments depressed the storage of sugars 
and starches and the yields of herbage and flower stalks as compared 
with those of unclipped plants. 

A clipping study on Stipa pulchra near Berkeley, California, by 
Sampson and McCarty (1930) included a 14-week winter period dur- 
ing which the plants were green but in which little height growth 
occurred. There appeared to be a slight reduction in total height 
growth from late clippings during this period, and this reduction may 
be significant, since it is consistent. The data suggest that progressively 
later harvesting, even in this winter period of slow growth, had pro- 
gressively more effect in reducing carbohydrate storage. 

In short, the results of all the clipping work on perennial herbs 
in this country may be summed up by Weinmann’s (1948) experi- 
ence in South Africa: “...It would appear that in most species of 
grasses any degree of herbage utilization will unavoidably result in 
some reduction in stored underground reserves”. 

Clipping the annual Bromus tectorum reduces yield, delays pheno- 
logical development, and so diminishes the possibility for regenera- 
tion as the dry summer period is approached (Hulbert, 1955). Clipped 
plants of Avena fatua developed fewer leaves, and tillered later and 
less abundantly than unclipped plants (McCarty, 1935). 

Using four California annuals, Festwca megalura, Hordeum hystrix, 
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Bromus mollis and Avena barbata in row plantings, Laude et al. 
(1957) noted that repeated clippings stimulated tillering and de- 
layed drying, even though the date of maturity of unclipped plants — 
varied from May 21 for Festuca to July 6 for Avena. Early clipping 
stiinulated tillering and seed production of Bromus mollis and B. 
rubens in most plantings but reduced seed production progressively 
during the latter two-thirds of the spring season. Their experiments 
suggested to these authors the possibility of reducing Festuca by graz- 
ing heavily early in the season, permitting the more desirable, later- 
maturing species to seed under lighter grazing pressure later. Burcham 
(1957) gives an example of the practicability of this suggestion in the 
field. 
CLIPPING OF SHRUBS 


In southern Utah Julander (1937) correlated shoot growth of aspen 
(Populus tremuloides) and cliffrose (Cowania stansburiana) with in- 
tensity of browsing by deer. Shoot production of aspen decreased 
strongly with intensity of browsing: only at the lightest browsing 
intensity (65-70 percent utilization of current year’s growth) was 
there evidence of increased production over the four-year study in- 
terval. In contrast, shoot production of totally protected plants in- 
creased enormously. It must be remembered that this aspen reproduc- 
tion on the Kaibab deer range had been overbrowsed for many years 
prior to the study, hence the very marked release under protection. 
Presumably the browsing of aspen root sprouts should be less damag- 
ing than the browsing of plants that are not supported partly by foliage 
which is out of reach of the animals, but clearly these root sprouts are 
very sensitive to clipping—much as lower branches of most shrubs 
and trees are. 

Although the effect of light browsing on aspen cannot be evaluated 
from these data, that on Cowania can. It is interesting to note that 
moderate browsing (45-65 percent utilization) gave rise to greater 
total shoot length during the four-year period of study than either 
no or very heavy browsing. The author states that under moderate 
browsing, seed production appeared adequate for satisfactory repro- 
duction. 


Price (1941) evaluated the effect of 11 years of clipping Cerco- 
carpus montanus and Symphoricarpos oreophilus in the fall in central 
Utah by total length of twigs produced in the twelfth year. The severe 
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treatment, in which all current growth easily available to livestock 
was removed in September, reduced twig growth as compared with 
the unclipped controls. Leaving either one inch or two and one-half 
inches of each twig of Cercocarpus each year, however, gave greater 
production on all six of the bushes treated than on the unclipped con- 
trols. Similarly, leaving either two inches or two and one-half inches 
of Symphoricarpos twigs gave greater production in four of the six 
treated bushes as compared with the unclipped controls. From both, 
the length of twig removed averaged considerably more than 50 per- 
cent. It is not possible from the figures given to decide whether 
shrubs under the moderate or light degree of clipping were the more 
productive. Partly from other considerations, the author concludes that 
leaving one inch of the current twigs is a safe and practical degree of 
- fall utilization for both shrubs. 

In a four-year study of shrubs that had been ungrazed at least 13 
years in central Utah and that produced many flowers but few twigs, 
Smith (1955) demonstrated a stimulative effect on vegetative growth 
of Cowania that increased with intensity of annual fall clipping. An- 
other interesting effect noted by Smith was the persistence of an in- 
itial stimulus during four years. Two bushes of Cercocarpus montanus 
were severely pruned in the summer and fall of 1950, and two bushes 
of Cowania in the fall of the same year; no further treatment was 
applied. The pruned plants of Cercocarpus produced 44 times the 
total length of twigs of two comparable unpruned plants in 1951. 
The stimulus dropped sharply: in the succeeding three years the 
pruned plants produced 6.5, 1.7 and 2.6 times as much as the un- 
pruned. The stimulus to Cowania was less marked: in the respective 
four years following treatment the pruned plants produced 3.0, 1.3, 
1.3 and 1.3 times as much as the unpruned. 

In northern Idaho over a six-year period Young and Payne (1948) 
studied the effect of clipping 50, 75 and 100 percent of the current 
twig growth on Ceanothus sanguineus, Amelanchier alnifolia, Loni- 
cera utabensis and Rosa jonesti. As measured by total shoot production 
in relation to that of unclipped plants, Ceanothus was stimulated by 
both spring and fall clipping at 50, and perhaps 75, percent. Summer 
clipping was injurious at all intensities, however, and 100 percent 
removal was injurious at all seasons. The growth of Lonicera did not 
appear to be reduced appreciably by 50-percent clipping at any season 
or by 75-percent clipping in fall. In contrast with these species, shoot 
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growth of Amelanchier and Rosa was reduced in relation to the con- 
trols in proportion to the intensity of clipping. 


Garrison (1953), working in eastern Oregon and Washington, also 
found that species of shrubs differed in their response to clipping, 
although he concluded that “In general clipping stimulated twig pro- 
duction to the detriment of flower and fruit production”. He removed 
25, 50, 75 and 100 percent of the current growth each fall or winter 
from five shrubs for a four- and five-year period. The shrubs were Pur- 
shia tridentata, Ceanothus velutinus, Chrysothamnus nauseosus, Holodis- 
cus discolor and Cercocarpus ledifolius. Unfortunately for our purpose, 
comparative yields are not given for unclipped plants. With Purshia 
there was some tendency to obtain greater twig yields from the two 
higher intensities of clipping. This was also true for Holodiscus and 
for Chrysothamnus at one site. Ceanothus, on the other hand, showed 
greater yields under the two lesser intensities of clipping. As in other 
clipping studies, the amount of variation in relation to treatment, 
which is partly attributable to differences in site, is considerable. It 
may well be doubted that the stimulative effects observed, particularly 
at heavy intensities of clipping, would persist if the treatment were 
carried on for a very long period. 


SUMMARY OF EFFECTS OF HERBAGE REMOVAL 


Generally speaking, the effect of grazing certain species in a com- 
munity is to handicap those species and encourage others. Under 
range conditions, where the animals cannot be controlled as they are 
in pastures, the effect of selective grazing is commonly to reduce the 
proportion of palatable species. Some exceptions have been noted in 
which the quality of the vegetation has been improved by grazing; 
but in light of the number of examples to the contrary, these are truly 
exceptional. Obviously differences in palatability are not the whole 
explanation for trends under grazing: differences in growth form or 
phenology may also play an important part. 

Successional trends are roughly proportional to grazing intensity: 
they are pronounced under severe grazing, and in some instances 
difficult to distinguish at light or moderate levels. Some observations 
suggest that palatable plants respond as favorably under light grazing 
as under no grazing, or as favorably under moderate as under light 
grazing (Nelson, 1934; Canfield, 1948; Hutchings and Stewart, 1953). 
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There is usually a doubt, however, as to whether the sampling intensity, 
comparability of areas being studied, or methods of measurement are 
adequate to make so.fine a distinction. This doubt is strengthened by 
studies (Larson and Whitman, 1942; Johnson, 1956) that do show 
an appreciable effect of grazing at light intensities. 

From this it follows that the exact composition of climax vegeta- 
tion probably cannot be maintained by any intensity of grazing or 
selection of species other than those exerted by pristine wildlife. By 
itself this conclusion does not mean much. For one thing, grazing 
pressures of wildlife in prewhite days probably fluctuated, so that 
between variations in grazing and in other environmental factors, 
climax composition no doubt varied greatly. For another thing, we 
have no indication of magnitude. The difference between the com- 
position of the pristine vegetation and the composition that can be 
attained under ideal management might be small or great, and it might 
well be greater in some plant types, or in some sites within a type, 
than in others. Too little is known about the effects of light or moder- 
ate grazing—that is, about trends under ideal management—as well 
as about character of pristine vegetation, to permit any very meaning- 
ful conclusion. 

Although the number of studies bearing upon the effects of light 
herbage removals from individual grasses or forbs is not great, the 
weight of evidence points to a harmful effect. Reports that claim 
benefit to the plant from grazing are, for the most part, either specu- 
lative, crude in experimental design, inadequate in method, or cover 
so short a time as to reflect only the initial stimulation in herbage 
growth. The stimulation that occurs, which is usually measured in rapid 
leaf elongation, is evidently made at the expense of stored food re- 
serves. Root growth is retarded and flower production may be re- 
duced more than herbage growth. 

It is clear that the physiological response to herbage removal needs 
much more investigation than it has had. Leopold’s (1949) study in- 
dicates that removal of the growing point of grasses encourages tiller- 
ing by lessening the production of auxin, but clipping in other studies, 
in which an appreciable volume of the herbage is destroyed, clearly 
inhibits tillering. What occurs in grazing would appear to be a re- 
sultant of two opposing tendencies. That interrelations berween vege- 
tative and reproductive growth may be involved is suggested by clip- 
ping studies that have been made with shrubs and by the experiments 
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of Stapledon and Milton (1930), in which plucking of inflorescences, 
when they appeared, stimulated production of both tillers and roots. 

The possibility needy tu be investigated that cropping by grazing 
animals may have some, as yet unrecognized, beneficial effect on 
plants which clipping does not have. This possibility is suggested by 
the fact that what may have appeared to be moderate intensities of 
clipping as applied to grasses have generally been too severe for 
survival, whereas only the heavier clipping treatments applied to shrubs 
appear to have been damaging. Thus Holscher (1945) found that 
Agropyron smithii and Bouteloua gracilis declined under his most 
moderate clipping intensities, while the same species increased on the 
grazed range. 

Light or moderate clipping stimulates many shrubs to greater vege- 
tative growth than no clipping, and may continue to do this year 
after year. This growth appears to be made at the expense of energy 
that would otherwise be utilized by the plant in flower and seed pro- 
duction. Clipping of herbaceous plants, in contrast, retards vegetative 
as well as reproductive growth. Why should there be this difference? 
Perhaps the clipping of shrubs does not remove so great a proportion 
of photosynthetic material as the “same” intensity of clipping herba- 
ceous species. For example, when 50 percent of the volume of a grass 
is removed, approximately 50 percent of the photosynthetic surface 
is taken away; but when 50 percent of the current twig growth of a 
shrub is removed, even on a weight basis, there may be leaves on 
spurs, or chlorophyll within the bark of older twigs, that can assist 
recovery. Another difference in treatment is that clipping studies 
with herbaceous vegetation have been made during the active growing 
season, wheteas most observations on the harvesting ‘of shrubs have 
been ,made when the season’s growth has been completed. On the other 
hand, the carbohydrate reserves in herbaceous plants are stored in the 
stem bases or below ground, where they are practically inaccessible, 
whereas at least part of the reserves of shrubs are considered to be 
in the twigs where they are most easily removed by grazing. 

The resistance of grasses to cropping is often extolled, usually with 
reference to the basal meristem as being an adaptation to grazing. 
The difference in their response suggests, however, that shrubs are 
more resistant to grazing than herbaceous plants. Under some circum- 
stances, too, as where Blaisdell and Pechanec (1949) found a greater 
depression in growth from clipping Agropyron spicatum than Balsa- 
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morhiza sagittata, it appears that forbs may be more resistant than 
grasses. 


THE QUESTION OF MULCH 


Between consumption of plants as forage and fragmentation of 
plant residues by trampling, the amount of mulch or litter is not al- 
lowed to accumulate that would accumulate if there were no grazing. 
Because this effect is sometimes claimed as a means by which grazing 
benefits the range, we shall examine it in some detail. 

Dyksterhuis and Schmutz (1947) described and classified the plant 
residues in the Fort Worth Prairie, distinguishing humic mulch, fresh 
mulch, cured herbage and green herbage. On range in excellent con- 
dition they found total organic matter above the ground surface, 
including green herbage, to vary from about 6,000 lbs. in April to 
9,200 Ibs. in September. Even at the height of the season's growth, 
green herbage made up less than half the organic matter above the 
ground. Comparable data on ranges in different degrees of condition 
are given for material collected April 10, 1945. At this time there 
were 9,037 Ibs. of mulch per acre on relic grassland, and 5,321 Ibs. 
on grazed range in excellent condition. In contrast there were only 
1,938 lbs. on hay meadow, and 1,558 Ibs. on range in fair condition. 
A notable fact was the very much greater and more uniform accumu- 
lation of earthworm casts under the litter of the undisturbed grass- 
land than in the other areas. 

Weaver and Rowland (1952) record even greater amounts of 
mulch on prairie than Dyksterhuis and Schmutz. They suggest that 
heavy mulch tends to promote a pure stand. Kelting’s (1954) obser- 
vation as to the diversification of species brought about by moderate 
grazing, in comparison with no grazing, supports this view. Also, in 
highly productive sites in the California foothills, a heavy accumula- 
tion of mulch encourages dominance by tall annual grasses at the 
expense of a more diversified assemblage of annual forage species (Tal- 
bot and Biswell, 1942). Clearing three years accumulation of mulch 
encouraged forbs at the expense of grasses, and this effect persisted 
during the following two years (Talbot et al., 1939). Interestingly 
enough, the undesirable species that increased most greatly with heavy 
accumulation of mulch in the foothills of the Sierra Nevada, Bromus 
rigidus, did not show significant differences due to mulch treatment 
in Heady’s (1956) studies in the Coast Range. 
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The implication of Weaver and Rowland’s (1952) title is that 
accumulation of mulch can be “excessive” from the standpoint of wel- 
fare of the vegetation, and the authors offer four bits of evidence 
to support this view: 

1. They obtained materially greater yields on unmulched than on 
mulched plots in 1951. This was an exceptionally wet year, with rain- 
fall well distributed, and an advantage of mulch in dry years—mois- 
ture conservation—was at a minimum, while a disadvantage of mulch 
—low soil temperature—was at a maximum. Furthermore, the plants 
growing in the plots from which mulch had been cleared enjoyed the 
full benefit of the modification of surface soil by mulch during many 
prior years. In short, had the mulch been removed over a long period 
and had the comparison extended over dry as well as wet years, the 
results might have been materially different. 

2. Weaver and Rowland cite the fact that Weaver and Tomanek 
(1951) im an adjacent pasture reported production in 1950 of 1.92 
tons of herbage per acre from “good” as compared with only 1.53 
tons from “excellent” condition range. In a similar comparison in 
1949, however, Weaver and Tomanek measured approximately the 
same yield (1.58 and 1.60 tons, respectively), so the harmful effects 
of the accumulated debris could not have been very serious. Further- 
more, this similarity of yield in 1949 makes the significance of the 
difference in 1950 doubtful. 

3. Weaver and Rowland cite Dyksterhuis and Schmutz’ (1947) 
data as showing that production in a prairie relic was lower than in 
mowed prairie. These data were gathered on April 10, 1945, before 
summer growth was well advanced, however, and the difference re- 
flects only retardation of growth in early spring, a well-known effect 
of mulch, instead of lessening in total seasonal production. 

4. In the loess hills of Nebraska Hopkins (1951) observed that 
removing mulch in the spring had the effect of increasing basal area 
of the vegetation threefold by the following autumn. This is cited by 
Weaver and Rowland, but they failed to include the significant state- 
ment made by Hopkins: “Yield was affected very little, if any.” 

It can be concluded that the evidence presented is hardly strong 
enough to support the claim. As evidence to the contrary, although 
admittedly not very strong evidence, Phillips (1936) shows greater 
production of Andropogon scoparius on relic areas than on mowed 
hayfields in central Oklahoma, and Schwan et al. (1949) increased 
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production of Poa pratensis markedly in the ponderosa-pine type in 
Colorado by adding mulch. In the California annual type, herbage pro- 
duction increases as mulch increases (Bentley and Talbot, 1951; Heady, 
1956). Removal of mulch by burning reduces yield of prairie vegeta- 
tion (Aldous, 1934; Hanks and Anderson, 1957). However, this 
might be accounted for by the fact that, besides removing the mulch, 
burning may harm the plants directly. 

Studies have shown that removal of mulch by burning or by clip- 
ping increases production of flower stalks of prairie vegetation (Bur- 
ton, 1944; Curtis and Partch, 1950; Dix and Butler, 1954). The 
stimulation of early vegetative growth is attributed to more rapid 
warming of the soil upon removal of the heavy mulch blanket, and 
Curtis and Partch (1950) suggest that earlier growth in spring means 
more time for carbohydrate manufacture and storage before initiation 
of floral buds. Ear!y growth is not necessarily advantageous to the 
plants, however, because in some situations premature growth could 
be damaged by frost. Stone (1951) concluded that the stimulative ef- 
fect of fire on flowering of Brodiaea ixioides, a herb of the California 
chaparral, was due to the removal of overstory shade. 

In western Kansas Tomanek and Albertson (1953) observed that 
production of flower stalks was less from ungrazed patches of Andro- 
pogon gerardi than from plants that had been grazed. This, following 
the experiments of Curtis and Partch (1950) with A. gerardi in Wis- 
consin, was attributed to the heavy mulch that had accumulated around 
the ungrazed plants. 

Measurements have shown that under a mulch the soil is cooler 
than where it is bared and that soil moisture is maintained at a higher 
level during summer (Steiger, 1930; Weaver and Rowland, 1952; 
Hopkins, 1954). In an environment plagued by recurrent drought, 
like the prairie, this may well be the most important influence ex- 
erted by an accumulation of mulch, an influence that should enhance, 
not diminish, production. 

For most of the western range the problem is not one of too much 
mulch but of too little. It is a problem of grazing so conservatively 
as to have enough cover from vegetation and litter to protect the soil 
from accelerated erosion and to provide a suitable microclimate for 
seedling establishment (Ellison, 1949a; Ellison et al., 1951). This 
problem exists in a great variety of environments, from dry plains 
and deserts to humid montane herblands. The importance of mulch 
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as well as of living vegetation lies in its encouragement of rapid 
infiltration of torrential rainfall that would otherwise erode the soil 
(Duley and Kelly, 1941; Beutner and Anderson, 1943; Packer, 1951; 
Hopkins, 1954; Hanks and Anderson, 1957). 

The need for cover on the Plains, depending on the character of 
soil and whether the cause of erosion is wind or water, varies from 
500 to 5,000 pounds of herbage per acre, standing vegetation and 
mulch combined (Osborn, 1956). In the mountains the needed cover 
has been shown to be about the same on a variety of soil types ranging 
from loose sandy loams to heavy clays—from 65 to 70 percent of the 
surface covered with vegetation and mulch, with the areas of bare 
soil small and dispersed (Ellison et al., 1951; Packer, 1951, 1953; 
Marston, 1952; Ellison, 1954). On mountain rangelands the removal — 
of herbage by heavy grazing is a major factor in accelerating soil ero- 
sion and deteriorating the site. 


In sum, the evidence suggests that heavy accumulations of mulch 
tend to produce pure stands of grass, or at least to simplify the plant 
composition; to reduce numbers of shoots per unit area (Albertson 
et al., 1957); and to: reduce numbers of flower stalks; but whether 
they actually reduce herbage yield, as is often suggested, is open to 
question. Mulch has profound effects on microclimate above and below 
the soil line with corresponding influence on macro- and micro-organ- 
isms, about which little is yet known, affecting the processes of soil 
formation. Perhaps of most immediate practical importance to the 
maintenance of rangeland is the fact that mulch conditions the soil 
surface for rapid infiltration and protects it from erosion. 


PLANT SUCCESSION AND SOIL EROSION 


Because overgrazing has been the rule on rangeland, not only has 
plant composition been changed by grazing pressures but the vegeta- 
tion has been thinned and in many instances destroyed. As a result of 
some degree of denudation, accelerated soil erosion is inseparably 
linked with overgrazing on arid lands the world over (Shantz, 1935; 
Jacks and Whyte, 1939). 


If disturbance of plant cover occurred only occasionally, erosion 
would be less serious than it is. Repeated denudation, year after year, 
by whatever cause—plowing, burning, severe grazing, roadways, smel- 
ter furnes—makes accelerated erosion inevitable. Farming and fire may 
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be least likely to denude the plant cover during dry years, but these 
are the very years when denudation by overgrazing is likely to be 
most pronounced. In arid lands fires may be rare because the fuel is 
eaten by grazing animals, denudation by plowing may be sporadic 
because of marginal returns and recurrent drought; but overgrazing, 
although causing less complete denudation in any one season, is im- 
portant because it is widespread year after year. Its cumulative effects 
are attested by the rocky hillsides of semiarid parts of the world where 
overgrazing is centuries old, as in Mediterranean countries. 

Unless soil erosion is very active, denudation of vegetation is fol- 
lowed by an orderly succession. The plants that first reclothe the sur- 
face usually either spring vegetatively from remnants left in the soil 
or are species whose fruits are adapted to be blown in by wind or 
carried in by animals. Abandonment of roads and farm lands in the 
Great Plains has given many opportunities to study such successions 
(e.g., Shantz, 1917; Costello, 1944). The following summary of five 
stages, typical of many successional sequences, is quoted from Costello: 

“Plant succession on abandoned fields in northeastern Colorado 
proceeds through the following stages: an initial stage characterized 
by Salsola kali tenuifolia, Amaranthus retoflexus, Chenopodium al- 
bum, or other annuals; a forb stage consisting of a large variety of 
annual and perennial forbs and a few grasses; a short-lived, perennial 
grass stage in which Schedonnardus paniculatus, Hordeum jubatum, 

Sporobolus cryptandrus, or Sitanion hystrix are usually abundant; a 

stage marked by dense stands of Aristida longiseta or A. purpurea; 

and the fully developed mixed prairie association, consisting of a 

mixture of short-grasses, mid-grasses, forbs, and shrubs”. 

No doubt because many of the same weeds are abundant as a result 
of overgrazing, and because segments of the same sequences have 
been observed, especially on the Plains, it has been natural to divide 
secondary successions following denudation by grazing into four or 
five stages (Sampson, 1919). Implicit in this arrangement is the 
premise that the plant, or the assemblage of plants, is a reliable meas- 
ure of its environment (Clements, 1928; Sampson, 1939), and thus 
an indicator of the degree of disturbance. 

This relation is not always close when accelerated erosion is one 
of the environmental factors, however, and the customary conception 
of plant succession may not apply. The erosional process itself, or the 
specialized microhabitat of an eroded surface may nullify the reactions 
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of vegetation on its environment, and in this case an orderly sequence 
of communities cannot occur. This fact can be appreciated only when 
it is recognized that exposed subsoils may present unique difficulties 
to plant establishment and survival. Graham (1942) may have sensed 
this in attempting to evaluate soil erosion as an ecological process. 
After noting certain anomalies in the colonization of eroded soils, he 
commented: “One cannot observe serious erosion, especially as it 
exists in the Appalachian Piedmont, without wondering if we do not 
need some adjustment of our theories about plant succession”. 

Trends involving accelerated erosion, being something distinct and 
apart from succession in any reasonable sense, have been distinguished 
as “destructive change” (Ellison, 1949b). The relations of vegetation 
to accelerated erosion no doubt vary with the degree of deterioration 
and the great variety of circumstances in which erosion occurs (Shantz, 
1935). When sojls are denuded of a plant cover and the friable top- 
soil has been lost, invading plants must cope with a very different 
environment than any provided in orderly succession. There is first 
the problem of the physical displacement of the seeds and young . 
plants: simply maintaining a foothold may be difficult. Germination 
and survival are handicapped by a harsh microclimate at the soil 
surface, so that eroded spots, even though not subject to continuing 
displacement, may remain bare for long periods (Ellison, 1949a). 
Finally, eroded soils are notoriously low in productivity (Sinclair and 
Sampson, 1931; Voight, 1951; Joy et al., 1954), and there is reason 
to believe that some eroded range soils may not be able to support 
enough vegetation to protect the surface until a residue of erosion 
pavement can supplement the plant cover (Ellison, 1954). 

Because rangelands include such a variety of environments, the 
nature of normal geologic erosion differs greatly from place to place. 
One of the most urgent needs in range ecology is a clearer picture of 
soil-forming processes on rangelands and of the character of normal 
erosion, the better to reconstruct and evaluate accelerated erosion. For 
example, the existence of a deep soil mantle in subalpine environments 
is evidence of close control of the surface by vegetation for a very 
long time. Considering the steepness of slope that such a well-de- 
veloped soil mantle may cover, and considering the frequency of tor- 
rential rainstorms in the subalpine zone, it is obvious that denudation 
of the soil for very long or on any extensive scale could not have 
occurred as part of the normal erosional process. By the same token, 
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what surface washing may have occurred must have been both localized 
and occasional. The widespread evidence of destruction of such a soil 
mantle today, as shown by pedestalled plants or gullies (Ellison et al., 
1951), is obvious evidence of accelerated erosion. The distinction be- 
tween normal and accelerated erosion in this example is easy because 
the anomaly is obvious, but on many ranges the soil mantle is less dis- 
tinctive and the place of vegetation in formation and protection of 
the soil may be obscure. 


OTHER EFFECTS OF HERBAGE REMOVAL 
MICROCLIMATE AND SOIL MOISTURE 


The effect of grazing, in both reducing standing herbage and ac- 
cumulation of mulch, is to encourage evaporational loss and to create 
a lighter, warmer and drier microenvironment. Although the amount 
of rainfall intercepted by foliage and mulch on undisturbed prairie 
may be considerable (Clark, 1940; Weaver and Rowland, 1952), graz- 
ing does not appear to lessen interception sufficiently to offset the in- 
creased evaporation it causes from the surface soil. Thus grazing, or 


at any rate severe grazing, induces the physical conditions of the micro- 
environment associated with drought and permits invasion by weedy 
species. This is probably one reason why effects of drought and over- 
grazing are rather generally confused. 

Steiger (1930) concluded that the general cover of vegetation in 
an upland true prairie reduced light to 20 percent of full sunlight or 
even more. Evaporation in midsummer was very much greater on 
clipped quadrats than in undisturbed prairie vegetation. Soil tempera- 
tures at depths of one, three and six inches were consistently higher, 
and soil-moisture percentages to depths of more than 12 inches were 
markedly lower in mowed than in undisturbed prairie. Because these 
differences in soil moisture are so great, they are probably significant 
and reflect the tendency for the surface to dry out if the protecting 
vegetation is removed. The presence of mulch contributes greatly to 
these effects on microclimate (Weaver and Rowland, 1952). Ellison 
(1949a) attributed the slow colonization of bare spaces in depleted 
subalpine herbland primarily to unfavorable microclimate. 

Most comparisons indicate somewhat greater soil moisture under 
ungrazed vegetation than on grazed range (Lacey, 1942; Kelting, 1954; 
Lodge, 1954; Johnson, 1956). The differences are usually small, how- 
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ever, and for a reason to be discussed shortly, most of them are proba- 
bly insignificant. It is only under severe clipping of herbaceous vegeta- 
tion, as compared with the undisturbed, that very consistent differences 
in soil moisture have been recorded in the field (Clements e¢ al., 1929; 
Pearson, 1942). Reductions in transpirational loss from fairly severe 
clipping have also been observed with phytometers (Weaver, R. J., 
1941, Pearson, 1942). Whether this reduction is due to reduced 
transpiring area or to diminished root volume, or both, is not ap- 
parent. A probable complication is accelerated transpirational loss per 
unit of leaf area associated with the abrupt reduction in proportion 
of tops to roots (Parker, J., 1949). 

Unfortunately, for attempts to relate soil moisture to grazing, mois- 
ture content is usually expressed only as a percentage of dry weight 
of soil, which may not accurately reflect the amount of water in a 
unit volume under different degrees of soil compaction. An example, 
using Kelting’s (1954) data from central Oklahoma, illustrates this 
point. Volume-weight determinations indicated that the soil of the 
grazed pasture was about one-third denser in the surface three inches 
than the soil of the ungrazed prairie. Kelting shows that percentage 
soil moisture in the zero to six-inch level was pretty consistently higher 
during the summer in tall-grass prairie than in the grazed pasture. 
Assuming the same volume weight for the full six inches, the pertinent 
figures for August 14, 1950, ‘are: 


Prairie Pasture 
Percent moisture 15.5 13.0 
Volume weight 0.9 1.2 
Grams of soil in 1 cu. in. ~- 14.748 19.665 
Grams of water in 1 cu. in. 2.286 2.556 


The percentage figures indicate more moisture in the prairie soil; 
but, because of the difference in volume weight, there may have been 
slightly more moisture in the pasture soil. ‘ 

From these differences in volume weight it would appear that 
trampling by cattle, even at light or moderate grazing intensities, has 
an appreciable effect upon soil volume. No doubt this varies greatly 
with soil type. Hedrick (1948) found such variation in volume weight 
of the surface inch of soil under California*annual vegetation that 
differences in compaction resulting from different intensities of graz- 
ing were not consistent. On the northern Plains, Lodge (1954) re- 
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corded significant differences in volume weight between soils of re- 
cently protected and heavily grazed areas on two of the four sites 
he studied, but not on the other two. 

Daubenmire and Colwell (1942) compared two sites on a Ritzville 
silt loam in southeastern Washington, one of which had been protected 
from grazing for many years and the other heavily grazed. Soil-mois- 
ture percentages were consistently greater to a depth of a meter in 
the heavily grazed area. Volume weights of the two soils were not 
significantly different, which seems odd in view of two other differ- 
ences. On the one hand, the soil cf the protected area was much more 
strongly aggregated and had a markedly higher infiltration rate than 
the soil of the grazed area. On the other hand, and somewhat in con- 
tradiction, the surface soil of the protected area was more compact 
as measured by much less depression of the surface in forcing a steel 
cylinder into the ground. The differences in soil moisture would seem 
plausible because of more effective occupance of the site by the pro- 
tected vegetation. The authors found markedly more plant material 
in the surface decimeter of soil of the grazed than of the protected 
area, which is attributable to dominance by the annuals and Poa 
secunda that replaced the native Agropyron. There. were markedly 
more bacteria, actinomyces and molds in the surface decimeter of the 
grazed than of the protected area, which probably reflects this greater 
amount of organic matter. 


INCIDENCE OF FIRE 


Removal of fuel by grazing must be reckoned a factor in reducing 
the incidence of fires. References have been cited to suggest that fires 
in prewhite days may have kept cactus, scrub oaks, mesquite and 
juniper from invading grassland, but it is important to note that direct 
evidence of the efficacy of fire is meager. The effectiveness of fire 
varies, of course, with species of woody plant and with the abundance 
or scarcity of fuel. In the Southwest fire appears to be effective in 
destroying the half shrubs Aplopappus and Guitierrezia—the woody 
plants most susceptible t control by the competition of herbaceous 
vegetation—fairly effective in destroying cacti, but essentially ineffec- 
tive in destroying mesquite (Glendening and Paulsen, 1955; Reynolds 
and Bohning, 1956). Humphrey (1949) differs from these authors 
in believing, from the study of two burns in southern Arizona, that 
fire is fairly effective against mesquite. 
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Hatton (1920) attempted to appraise the effects of grazing on the 
incidence of fires on western national forests and concluded that “nor- 
mal” grazing—"grazing only to such an extent that the forage crop 
does not decrease from year to year’—was distinctly advantageous in 
lessening fires, both by removal of the herbaceous undergrowth and 
by hastening the decay of litter through trampling. What was con- 
sidered “normal” grazing between 1900 and 1919 would probably be 
considered overgrazing today. Pearson (1950) also expressed the view 
that in ponderosa pine forests of the Southwest, grazing bunchgrasses 
to a height of six inches would reduce the fire hazard without danger 
of soil erosion. Talbot (1937) considers this degree of utilization ex- 
cessive, however. 

Ingram (1931) made a significant point that grazing would not 
automatically reduce:the fire hazard if unpalatable but more flammable 
species were to increase. His three-year study provided an example in 
that bracken (Pteris aquilina) decreased an average of six percent on 
ungrazed plots, but increased 20 percent on grazed plots. 

With time the viewpoint changes. Today, considering the western 
range as a whole, it would appear that fire is a lesser scourge «han 
overgrazing. For reasons that have been outlined above, far more ac- 
celerated soil erosion, both in the form of sudden mud-rock floods 
and in the persistent gnawing away of the surface soil from number- 
less slopes, takes place because of overgrazing than because of fire. 


EFFECTS ON OTHER ANIMALS 


The effects of grazing on the faunal part of the biotic community 
are more difficult to evaluate than on the vegetal part principally be- 
cause of the difficulties of sampling mobile animal populations. At 
any rate, few studies have been made of the effects of livestock grazing 
on other animals. 

Attention has already been called to the observation by Dyksterhuis 
and Schmutz (1947) that a remarkably deep and continuous layer 
of earthworm casts occurred beneath an undisturbed prairie mulch. 
Such a continuous layer was absent beneath the considerable mulches 
that had been developed on grazed range. In want of much informa- 
tion on the effects of grazing on animal life in the soil, this observa- 
tion suggests, at least, that the effects may be profound. 

One of the best known effects of overgrazing on insects is an in- 
crease in numbers of grasshoppers (Weese, 1939; Smith, 1940a, 
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1940b; Clark, 1948). Smith’s studies indicate that grasshoppers are 
more numerous on range in depleted than in good condition, or in 
midseral stages of secondary succession after land is abandoned, but 
that when the cover is reduced so greatly that erosion becomes marked, 
numbers of grasshoppers decline. In contrast to grasshoppers, beetles, 
particularly Chrysomelids, tend to decline progressively with declining 
status in range condition or succession. The interrelations between 
numbers of species, numbers of individuals, and habitat change is ex- 
tremely complex. Actually, it is a gross oversimplification to consider 
a taxonomic grouping, like the grasshoppers, as an ecological unit. 
The food habits and microenvironmental requirements of different 
kinds of grasshopper have been shown to be highly specific (Isely, 
1946; Anderson and Wright, 1952). One kind of grasshopper may 
feed on a particular species of plant exclusively; another kind selects 
another species; some kinds have somewhat broader tastes; and still 
others are omnivorous. 

A controlled greenhouse experiment demonstrated that bluegrass . 
(Poa pratensis), weakened by frequent clipping, was much more sub- 
ject to injury from white grubs (Phyllophaga sp.) than bluegrass less 


frequently clipped (Graber e¢ al., 1931). This experiment corrobo- 
rated earlier observations in Wisconsin pastures in which damage 
to bluegrass from white grubs was correlated with deficient root and 
rhizome development resulting from deficient fertility, thin soil or 
severe grazing. 

On the ather hand, the reviewer once observed in a mountain 
meadow in wn sos: that most of the Festuca idahoensis plants - 


inside a ten-acre, tur-year-old cattle enclosure were dead, while the 
plants on the closely grazed outside range were alive and fairly vigor- 
ous. The standing bunches of dead grass could be lifted easily, and at 
the base of each the root crown had been eaten out by larvae that 
looked like large cutworms. Possibly this small area of standing, cured 
grass had been attractive to the egg-laying adult insect; at any rate, 
in this instance it appeared as if the cattle had performed a useful 
service to the outside grass plants by keeping their tops grazed down. 

Smith (1940a, 1940b) noted that meadowlarks (Sturnella) tended 
to be most abundant in the midseral stages of prairie succession, which 
he attributed partly to the abundance of grasshoppers in these stages. 

The reciprocal relations between the effects of rodents and rabbits 
upon the range, and of range condition on the abundance of small 





INFLUENCE OF GRAZING 59 


mammals, vary greatly with circumstances. They vary with species 
of animals, with vegetation types, with kind of topography and soil, 
with range condition and probably with associated species of animals. 
A mere outline of these complex relations, which have been reviewed 
in more detail by Bond (1945) and Kalmbach (1948), will be at- 
tempted here. 

Small mammals harvest vegetation and thus compete in some degree 
with domestic livestock. The degree of competition is probably most 
severe, as it is between big game and livestock, on depleted range. 
Competition is offset in some measure by the fact that different graz- 
ing animals often prefer different food plants. Where this is true, 
rodents and rabbits may exert pressure against plant species low in 
the successional scale, and thus tend to encourage species that may be 
palatable to larger grazing animals. Thus rodents and rabbits can hold 
a depieted range in depleted condition indefinitely or deplete it further 
(Norris, 1950; Moore and Reid, 1951), or they can exert pressure to 
advance succession (Bond, 1945). 

Rabbits and rodents may disseminate and even plant the seed of 
undesirable species such as cactus, juniper and mesquite (Cook, 1942; 
Wolff, 1948; Glendening and Paulsen, 1955). On the other hand, they 
may also destroy large numbers of seeds of undesirable species by 
consuming them and by grazing the young plants. Rodents may also 
plant or destroy the seed of desirable species, for example, Purshia 
tridentata (Hormay, 1943). 

Burrowing rodents have constructive as well as destructive influences 
on the soil. Their constructive influences in promoting soil develop- 
ment is difficult to assess, but their destructive influence in speeding up 
erosion is well known. Pocket gophers (Thomomys) and ground 
squirrels (Citellus) have received most attention in this respect. Sev- 
eral writers (Day, 1931; Gabrielson, 1938; Howard, 1953) indict 
these rodents as a principal cause of accelerated erosion on the western 
range. However, conceding that burrowing rodents are agents in geo- 
logic normal as well as accelerated erosion, there is reason to think 
that the amount of accelerated soil loss they cause is directly related 
to degree of range depletion from overgrazing (Ellison, 1946; Long- 
hurst, 1957). It is widespread thinning of the plant cover by close 
grazing and trampling, and consequent soil exposure, that lessens in- 
filtration and encourages overland flow, the i: ™ediate cause of erosion. 

There has been a sort of successional trend in thought with regard 
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to range rodents. The earliest attitude, probably influenced by the 
distorting effects of extreme livestock overgrazing on the range, is 
that rodents are evil in and of themselves, and fit subjects only for 
extermination. A later concept is that of large numbers of rodents as 
“animal weeds” which are not so much a cause of range depletion 
as a symptom of some kind of disturbance, usually overgrazing. An 
outgrowth of this concept is that rodents may exert pressures on the 
range in almost any direction, depending upon circumstances. They 
can have either constructive or destructive influences, or both, upon 
vegetation and soil. Most biologists seem to believe that normally 
their net influence is constructive and that their destructive influence 
is magnified by improper land use. 

Overgrazing by livestock, because it has encouraged the spread of 
shrubs into grassland, has had the effect of increasing deer habitat in 
some places, and therefore is thought to be one of the factors causing 
the overpopulations of deer that exist in some parts of the West 
(Leopold, 1950). There are of course distinct competitive relations 
between deer or pronghorn antelope and sheep, and between elk and 
cattle; and overgrazing by one class of animal is often disadvantageous 
to another. In southern Texas, antelope are said to prosper on over- 
grazed cattle range because of the dominance of forbs. These forbs 
are not the ones of the climax vegetation that antelope prefer: their 
importance derives from their abundance, not their palatability. On 
the other hand, invasion of shrubs has been a disadvantage to antelope, 
and there is little forage for antelope on overgrazed sheep range be- 
cause the two animals tend to eat the same forage species (Buechner, 
1950). 


DISCUSSION AND SUMMARY 


Succession is commonly thought of as a constructive process: the 
origins of the word suggest growth and progress. In primary suc- 
cession the development of soil with its contained organisms, includ- 
ing the complex vegetation it supports, is certainly a constructive 
process. Most of the familiar forms of secondary succession are also 
constructive in character. Examples that come to mind are the com- 
munities that succeed one another after fire or after abandonment of 
plowed land. 

In contrast, secondary successions resulting from grazing are com- 
monly thought of as being other than constructive. There are enough 
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examples of severe overgrazing of range vegetation so that everyone 
who has been interested in the matter at all knows that reduction of 
: plant cover by overgrazing leads to accelerated soil erosion by wind 
or water. Even though grazing changes the character of the vegetation 
without reducing cover sufficiently to cause erosion, the change is 
usually toward a vegetation that is less palatable to the grazing animal 
and somewhat less productive. 

The negative character of change associated with grazing is sug- 
gested by the term “retrogression”, advocated by Sampson (1919). 
Unfortunately, this term, as Sampson used it, has two serious weak- 
nesses. First, it includes trends involving accelerated soil erosion that 
are not successional at all. Accelerated soil loss is nothing more nor 
less than destruction of the site, and trends involving accelerated soil 
erosion are more properly distinguished as “destructive change” ( Elli- 
son, 1949b). Second, the term grows out of confusion between primary 
and secondary succession, in which changes in the course of “retro- 
gression” are presumed to retrace in reverse order changes involved 
in the original development of vegetation and soil. In the specific 
area to which the term was initially applied, at least, progression and 
retrogression up and down the same scale do not occur. Changes in 
vegetation may proceed in several directions, depending on the charac- 
ter of grazing pressure applied. The term “retrogression” would be 
very useful if it could be stripped of these connotations to mean trend 
away from the original undisturbed character of the vegetation with 
the protective relation of vegetation to soil unimpaired. 

Various benefits conferred by grazing animals on vegetation have 
been suggested, and we can summarize the principal ideas developed 
in the foregoing review by considering each presumed benefit in turn: 

1. Cropping may stimulate herbage production. The most clear-cut 
evidence of stimulation is that of twig production of shrubs, although 
to the detriment of flower and fruit production. With herbaceous vege- 
tation harvesting the foliage generally results in lowered root reserves 
and production of flowers, herbage and roots. Height growth of leaves 
may be stimulated, but such stimulation is short lived. The bulk of the 
evidence, under laboratory conditions or in the field, is that harvesting 
of photosynthetic tissue is harmful to the plant. The evidence, it is 
true, is mostly derived from severe defoliation which may well give 
a biased indication of the influence of grazing in nature. 

2. Grazing may help a plant endure drought by reducing the area 
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of its transpiring surface. The thought here is that a better moisture 
balance is established between roots and crown. Actually, grazing ap- 
pears to harm roots, probably because stimulated top growth is made 
at their expense. Up to now this hypothesis lacks experimental support. 

3. Grazing, by removing some of the herbage, lessens the amount 
of mulch and thus, by encouraging early spring growth, increases 
production. The detrimental effect of excessive mulch, while fre- 
quently suggested, has not been clearly demonstrated. On most range- 
land the problem is one of getting enough cover from mulch and 
from living vegetation to protect the soil adequately under grazing. 
The intensity of allowable grazing over much of the western range 
is basically to be determined by whether enough herbage is left, partly 
in the form of mulch cover between plants, to protect the soil. Tram- 
pling helps break up mulch, too, but it is doubtful that this benefits 
the vegetation. 

4. Grazing animals carry the seeds of forage species from place to 
place. That grazing animals transport seeds, both externally and in- 
ternally, is well known (Miiller, 1956). So far as external transport 
is concerned, the fruits of undesirable species are at least as well 
adapted as those of desirable species; so this could hardly be a means 
to encourage dominance by desirable at the expense of undesirable 
species. 

With regard to internal transport, Miiller points out that it is from 
species most eaten that most seeds are ingested and distributed in 
dung, and Major (1957) suggests this as a compensation for the dis- 
advantage of high palatability. This hypothesis is attractive because it 
alone explains the advantage of palatability to the plant. The fact is, 
however, that very few forage plants appear well adapted for this 
kind of dispersal. Many of them have large, soft, late-developing fruits 
that shatter easily and fall to the ground. The persistent fruits and 
small, hard-coated seeds of some clovers are a conspicuous exception. 
A case for this hypothesis can also be made with the annual, Cheno- 
podium album, the seeds of which were among the most numerous 
found by Miller in the dung of domestic and wild animals in the 
Swiss Alps. When the seeds of Chenopodium are ripe, its life cycle 
is essentially over, and no harm can come to the plant itself from 
being grazed—a compensation not shared by perennial species. On 
the other hand, Chenopodium is also palatable when it is immature, 
and the advantage of seed dispersal would not be gained when it is 
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grazed at this stage. Furthermore, despite its palatability, this species 
is an indicator of severe disturbance, not of some advanced degree of 
succession. In short, the hypothesis helps explain the distribution of 
some species, and perhaps an occasional fruit of every palatable species 
is transported by animals in this way, but it may well be doubted that 
this slender advantage of palatability is of sufficient value to many 
plant species to offset its obvious disadvantage. 

5. Trampling helps plant seeds of forage species. This claim, fre- 
quently made, does not appear to be supported by carefully designed 
experiment. The advantage of such planting would be most clear-cut 
on denuded surfaces where some amelioration of a harsh microclimate 
by soil covering is necessary. It is doubtful that artificial help of this 
kind would be needed where the surface soil is of unimpaired struc- 
ture and a normal cover of mulch and vegetation overshadows the 
surface. 

6. Livestock trails, which tend to follow the contour, check the 
overland flow of water and thus encourage infiltration. Admittedly, 
livestock trails may do this. The proper place for water to sink into 
the soil, however, is where the raindrops fall, not some inches or feet 
away after it has run over the surface. The existence of well-defined 
trails suggests excessive grazing use, which use is usually responsible 
for the low infiltration capacity of the soil at the point of raindrop 
impact. 

7. Grazing animals, by their excrement and decay of their bodies, 
fertilize the range. No doubt this is true, but they cannot add more 
elements to the soil than they get from the plants they eat; so this 
does not seem to be a very real benefit. It is quite possible, however, 
that animals could distribute a fertilizer that might otherwise be highly 
localized—for example, a trace element important to plant growth that 
might be directly available only to the plants of certain localities. It 
has been suggested (Carpenter, 1940) that hormones in the urine of 
mammals may stimulate plant growth, but no evidence is given. 

One cannot be very greatly impressed, after examining this catalog 
of presumed contributions of grazing animals to the welfare of range 
vegetation, by the supporting evidence. Certainly nothing in the 
mechanics of grazing provides so clear an explanation for range im- 
provement as the simple mechanics of selective grazing to the oppo- 
site effect. The benefits of grazing, if any, would appear to accrue 
to the ecosystem, to the range as a whole, instead of to the palatable 
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species of plants that are grazed most. One frankly conjectural pos- 
sibility in this category that has not been mentioned is that, by creat- 
ing areas of disturbance, grazing animals provide a more varied en- 
vironment and thus maintain a more complex flora than would other- 
wise occur. This reservoir of disturbance-species, or variant genetic 
material, might be useful to the ecosystem in maintaining a plant 
cover during times of stress, such as during periods of climatic change. 

In spite of the flimsiness of all these arguments, the fact is that 
ranges do improve under grazing, albeit from conditions of depletion. 
An example, which has been analyzed elsewhere (Ellison, 1958), is 
given in some desert-shrub data presented by Hutchings (1952). The 
vegetation on two sides of a fence is compared over a 19-year period, 
1934 to 1952. For the sake of illustration we shall consider the pro- 
duction of only Artemisia nova and Chrysothamnus stenophyllus, two 
species of very different palatability. Under managed grazing about 
two-thirds of the current growth of Artemisia is eaten by sheep each 
winter and only about one-tenth of that of Chrysothamnus. Despite 
this apparent handicap, production of Artemisia increased from seven 
to 44 percent of the total; while under continued heavy grazing pro- 
duction declined to four percent. In contrast, production of Chryso- 
thamnus under managed grazing declined from 23 to five percent 
and increased under heavy grazing to 33 percent of the total. 

Here a palatable species, handicapped as it may be by selective 
grazing, has increased at the expense of a less palatable species. Most 
examples of range improvement under grazing, although different 
species are involved, pose the same paradox. How can such trends 
occur? 

A clue in our desert-shrub example is provided by the behavior of 
Salsola kali. This introduced annual is consistently more abundant on 
the heavily grazed range, and in years of abundant early summer rain- 
fall it may be widely conspicuous. On range in good condition Salsola 
plants of any size are observed only on disturbed spots, like areas 
around rodent dens. Because they permit Salsola to flourish—to the 
point in some years of making up a high proportion of the herbage— 
it would appear that the perennial species dominating the heavily 
grazed range in our example are not very efficient in utilizing the re- 
sources of their environment. This is to say, Chrysothamnus is less 
well adapted to this environment than the more palatable Artemisia. 

We need not concern ourselves here with the question as to what 
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the specific differences in adaptability of the two species may be. 
Superficially, at least, it appears to be a matter of drought-resistance. 
Many dead plants of Chrysothamnus are to be found, even on the 
heavily grazed range, apparently killed by recent drought. Artemisia, 
on the other hand, while its growth was reduced in drought years, 
was not killed outright and, judging by the relative scarcity of Salsola 
on the managed range, was able to utilize more of the moisture that 
fell. Thus—at the risk of oversimplification—if drought, competition 
and the handicap of grazing are taken together, Artemisia is able 
to flourish so long as grazing pressure is restricted; but if grazing 
pressure is increased greatly, Artemesia is suppressed and the less well- 
adapted Chrysothamnus is given the advantage. 

A successional trend with a probably similar cause has been re- 
ported from the Big Horn Basin in Wyoming (Cooper, 1953). Here 
most of the grazing is done during the growing season rather than, 
as in the previous example, during the dormant period. After eight 
years of different grazing treatments—including deferment in some 
years and generally lessened grazing intensities—range dominated by 
Artemisia tridentata \ost most of its brush and was taken over by 
grasses, mainly Agropyron smithii and A. spicatum. That these very 
striking changes occurred within so short a time suggests that the pris- 
tine vegetation of the area was grassland, not shrubland, and that sage- 
brush is an invader whose position of dominance is maintained only 
so long as the grasses are suppressed by overgrazing. | 

It is believed that the evolution of modern grazing animals coin- 
cided with the evolution of grasses (Taylor, 1949). That the evolu- 
tion of grazing animals was dependent on the development of aridity 
and grasslands is perhaps obvious, but in such matters the ecologist 
may reasonably expect some evidence of mutual dependence. One of 
the principal purposes of this review has been to discover such evi- 
dence. The most that can be said, however, is that the evidence of 
grazed plants’ dependence on grazing animals is rather negative: the 
relation appears to be essentially one of parasitism by the animals. The 
fact that, under the apparent handicap of millennia of grazing, most 
of the dominant species of the world’s herblands are palatable plants, 
not only to buffalo and elk but to domestic livestock, is very impressive 
indeed. It suggests both that the adaptive process in evolution is ex- 
ceedingly complex and that perhaps we have been unable to discover 
a dependence of plants on grazing animals which is real and important. 
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This is certainly to be reckoned one of the notable paradoxes of na- 
ture. Thus, in spite of all our study and thought, from the observations 
of herdsmen before Abraham's time to the results of scientifically 
designed experiments in the present day, we have very little real 
comprehension of what is perhaps one of nature’s simpler mysteries. 
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INTRODUCTION 


The growth of the fermentation industry with its antibiotics, or- 
ganic acids, enzymes and converted steroids; the increasing awareness 
of the role of fungi in human and plant pathology; the wide-spread 
recognition of the role of these organisms in decomposition and de- 
terioration; the utilization of fastidious physiological mutants in long- 
term genetic studies; and the continued isolation of new forms with 
the subsequent deposit of these isolates in ever-expanding type culture 
collections, have led to the accumulation of vast collections of fungous 
cultures and have made maintenance by periodic transfer at frequent 
intervals a task of gigantic proportions. 

For the long-term conservation of microorganisms it has become 
necessary, therefore, to develop dependable methods which yield viable 
organisms in morphologically and physiologically unchanged form after 
prolonged periods of storage. It is with these methods, as applied to 
the fungi, that this paper is specifically concerned. However, a con- 
siderable number of references to reports on the preservation of bac- 
teria must be included, since it was for the conservation of these 
organisms that virtually all methods of preservation currently applied 
to the fungi were originally developed. In addition, many recent in- 
vestigations on the effect of the various steps of the lyophil process 
have utilized bacteria as experimental organisms. 

Limitations of time and space have made it necessary to exercise a 
certain degree of selection in the references cited. For the complete 
early literature the reader is referred throughout this discussion to the 
reviews which have appeared. 

For the purpose of this article, methods of conservation of fungous 
cultures have been classified under the general headings of periodic 
transfer, oil-covered slants, soil or sand cultures, drying, freezing and 
freeze-drying, and will be considered in that order. 


METHODS OF CONSERVATION 
PERIODIC TRANSFER 


Although the classical method of maintaining fungous cultures by 
transfer at frequent intervals on suitable solid or liquid substrates 
is a laborious, monotonous, and time-consuming operation, it cannot 
be disregarded as a method of long-term preservation. By this tech- 
nique thousands of organisms have been maintained unchanged for 
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decades in culture collections throughout the world and it remains 
the only method recommended for certain groups of fungi (83). 
Until very recently (309a) periodic transfer was the only method 
employed at the Centraalbureau voor Schimmelcultures for the main- 
tenance of an enormous and varied collection of fungi. In 1947, Pro- 
fessor Westerdijk briefly outlined her long experience in the field 
(325). In her opinion no one medium is suitable for all groups or 
even for one fungus as a steady diet. She recommends alternation of 
rich and meagre substrates and of dry with moist conditions of 
culture; use of fairly low carbohydrate concentrations; careful atten- 
tion to the source of nitrogen; neutral pH for “most fungi”; utiliza- 
tion of extracts of natural products such as plant materials; and metic- 
ulous selection of conditions of temperature, light and humidity. 
Substrates by the hundreds have been developed and recommended 
for the cultivation of various fungi. A glance at the catalogues pub- 
lished by the manufacturers of prepared media and careful perusal 
of the substrates described in a single issue of a mycological journal 
will indicate the impossibility of including references to them. Many 
of these substrates have been developed to show specific responses 
of specific fungi and will find no widespread application. Monographic 
treatments of various genera have included important recommenda- 
tions for the cultivation of large groups of fungi, and careful atten- 
tion should be given to such recommendations. The importance of 
the substrate has been emphasized by the report that spores of My- 
rothecium verrucaria from a medium containing cellulose had a greater 
longevity than those from succinate, peptone, potato-dextrose or su- 
crose plus yeast extract media (55). A suitable substrate is generally 
understood to be one upon which an organism will achieve a minimum 
of mycelial growth accompanied by the maximum development of its 
fructifications, whether these be conidia, pycnidiospores, aleuriospores, 
ascospores or other propagative cells. Although sporulation usually 
has been considered to be a response to the substrate, other conditions 
or treatments also have been devised for individual organisms (44, 46). 
The ever-present danger of variations with subsequent loss of 
morphological characters and desirable physiological responses has 
been found by many investigators to be increased by frequent trans- 
fer. Dissenting opinions have been expressed by a few (49, 87). 
The phenomenon of variations has been recognized for many years 
and was explained in some measure by the report of the dual phe- 
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nomenon in the Fungi Imperfecti (109). Difficulties with variation 
have appeared to multiply in a direct ratio with the increasing use 
of microorganisms in industry. Rumors of entire penicillin fermen- 
tations being inoculated with Penicillium oxalicum rather than P. 
chrysogenum, requests for “10 c.c.” of each of the organisms required 
for specification testing, and inclusion of strains of Cladosporium 
among supposed U-V-induced mutants of P. chrysogenum would seem 
to indicate a lack of understanding of certain basic principles and an 
aversion to the use of the microscope,-particularly the oil-immersion 
objective. At least a part of the “variation” that plagues industrial 
users of microorganisms may be contamination. Delegation of the 
care of microorganisms to chemists and engineers, whose acquaintance 
with them is necessarily superficial, should be avoided, and perhaps 
any formula for the successful maintenance of cultures should begin, 
“Take one microbiologist”! 

Although a great variety of transfer techniques have been recom- 
mended as a result of efforts to maintain penicillin-producing strains 
at high production levels (72, 110, 253, 327), this author is firmly 
convinced that mass spore transfer, wherever possible, remains the 
most reliable technique. Concurrence with this opinion regarding 
method of transfer has been expressed by many people, including 
those entrusted with the maintenance of large and varied culture 
collections (14, 110, 232, 234, 299, 302, 325). 

In the author's expericnce, transfer of large pieces of mycelium is 
to be recommended only for those organisms which fail to produce 
specialized propagative cells. When mycelial transfers are necessary, 
care should be taken to transfer at frequent intervals from young, 
actively growing marginal areas. Danger of variation is increased when 
inoculum is taken from older areas where the accumulated products 
of metabolism may have exerted a mutagenic influence. This aspect 
of culture metabolism has been discussed by numerous authors (48, 
49, 149, 165, 300, 301). 

‘Difficulties with contamination, resulting from either fungous 
growth on cotton plugs or mite infestation, usually can be avoided 
through use of absorbent rather than non-absorbent cotton for fashion- 
ing the stoppers and through application of a few drops of a 1% 
HgCl» solution in a 95:5 mixture of absolute alcohol and glycerine 
(234, 302) to the cotton plugs by means of a bulb pipette. A stainless- 
steel cap closure instead of cotton plugs in culture tubes has received 
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a most enthusiastic recommendation from one author (342). In 
laboratories where isolations from soil or plant debris are made rou- 
tinely, the problem of mite infestation is very commonly encountered. 
Control has been affected by spraying work areas, shelving and in- 
cubator rooms with a 3.0% solution of Kethane (341). 


Completely air-tight sealing of cultures while they still are metabo- 
lizing actively probably is to be avoided, since accumulating gaseous 
metabolites may cause deleterious effects. There have been, however, 
reports of success in preserving fungi, yeasts and bacteria by this 
method (73, 102, 108, 166, 260, 276). In the experience of the 
author, cultures sealed for even short periods by means of screw caps 
or paraffined plugs are less dependable than those in cotton-stoppered 
culture tubes. However, this opinion is based on cultures which have 
been received for identification and not upon long-term personal use 
of the sealed-tube technique. 


Storage of fungous cultures on agar slants should be at a tempera- 
ture low enough to avoid rapid drying of the agar substrate and to 
prevent continued growth of the cultures. Refrigerator storage at ca 
5°C has bee found satisfactory for most fungi (48, 64, 125, 152, 
208). Storage at room temperature as practiced at the Centraalbureau 
voor Schimmelcultures, though it precludes the possibility of aberrant 
development during refrigerator storage, would necessitate too fre- 
quent transfer in most laboratories where the average relative humidity 
is much lower than that prevailing at Baarn. 


The periodic-transfer technique has the advantage of making cul- 
tures instantly available for comparison but remains the most time- 
consuming of all methods. Other objections to the periodic-transfer 
technique can be overcome largely through careful selection of a suit- 
able substrate, use of the mass-spore transfer technique, constant vigil- 
ance to avoid replacement or contamination, and adequate protection 
against mite infestation. 


OIL-COVERED SLANTS 


This method, which acts by prevention of dehydration and slowing 
down of metabolic activity and growth through reduced oxygen con- 
sumption (34, 58, 254), consists of covering a young, actively-me- 
tabolizing colony on a slant of suitable agar medium with sterile me- 
dicinal-grade mineral oil (paraffin oil). Among fungi, this method has 
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found widest application in the preservation of strictly mycelial or 
non-sporulating forms to which the lyophil technique cannot be ap- 
plied. 

The early history of developments in this method of preservation 
from its introduction by Lumiére and Chevrotier (166) for extending 
longevity and reducing variability in serum cultures of gonococci was 
reviewed by Morton and Pulaski (206). 

In pioneer investigations on the survival of fungous cultures fol- 
lowing covering with mineral oil, strains of Monilia, Mucor, Torula 
and Endomyces were recovered after six-years storage (135); Fu- 
sarium, Alternaria and Helminthosporium after 15 months (266, 
267); Chaetomium after 15 months (212), strains of Pleospora, 
Pseudoplea, Colletotrichum, Ascochyta, Vermicularia and Macro- 
sporium after 18 months (211); and a variety of yeast culture after 
six years (130). Of a wide range of fungi representative of the Actino- 
mycetales, Mucorales, Endomycetales, Moniliales, Melanconiales, 
Sphaeropsidales and Basidiomycetes, only Blakeslea trispora failed to 
survive for 12 to 24 months (34). Storage at refrigerator tempera- 
tures, now known to be undesirable for Blakeslea and Choanephora, 
was probably responsible for this result. 

These early reports of success with the method gave impetus to 
its use, and, following 1947, large numbers of diverse fungi were 
preserved at the New York Botanical Garden (284) and at the 
American Type Culture Collection (321). High percentages of these 
organisms were recovered at approximately 18 months, and individual 
examples of three and five year survivals were recorded. At the Com- 
municable Disease Center in Georgia this method of preservation was 
applied successfully to 264 strains representing 15 genera and 34 
species of pathogenic fungi. Although some variation was noted in 
subcultures from oil-preserved slants, the method was recommended 
for these organisms. 

Hartsell (115, 118) has reported his experiences and summarized 
the results of the method as applied to a wide range of molds, yeasts, 
bacteria and algae by 30 other investigators. Records of survival for 
bacteria and yeasts go up to 14 years, for other fungi to seven years, 
for algae to five years. Results obtained with this method of preser- 
vation at the Lilly Research Laboratories show isolates of Irpex mollis, 
Polyporus biformis, Claviceps purpurea and Streptomyces griseus 
viable at six to seven years; however, Trichoderma viride and Asper- 
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gillus flavus failed to survive the seven-year period. Claviceps zizaniae 
was successfully recultivated at one year and six months, but Claviceps 
paspale was dead after the same interval. 

An additional record is the report (256) of the successful mainte- 
nance for nine years of Rhizoctonia and Aphanomyces under oil and 
sealed with parafilm. 

Unpublished results of a recent (1955-1956) survey of oil-covered 
slants of a wide range of fungi at the Quartermaster Research Labora- 
tories show 669 cultures viable out of a total of 2000 strains covered 
at Harvard University in connection with the Tropical Deterioration 
research program during 1945-1946. A considerable number of these 
cultures were included in Buell and Weston’s (34) early report. There 
appears to be some correlation between viability and taxonomic place- 
ment, with the Mucoraceae, Piptocephalidaceae, Sphaeriaceae, Pseudo- 
saccharomycetaceae, Dematiaceae and Sphaerioidaceae showing sur- 
vivals ranging from 50-95%; no survivors are recorded in the Mor- 
tierellaceae, Choanephoraceae, Endomycetaeceae and Leptostromata- 
ceae. 

Representatives of the Saprolegniaceae, which require constant vigi- 
lance to maintain by the serial-transfer technique, were reported 
viable 12 to 30 months after oil-sealing (237). Submergence under 
oil has been adopted as a standard method for keeping stock cultures 
of the Saprolegniaceae and other water molds at the University: of 
North Carolina where there are records of preservation of members 
of this group for up to five years. It is considered possible that it may 
also be suited to certain members of Blastocladiaceae, Leptomitaceae 
and Pythiaceae. One species of Rhizidiomyces, in the Hyphochytriaceae, 
survived for 19 months. Failures or inconsistencies in results are at- 
tributed to the nutritional inadequacy of the medium for long periods 
of growth or to bacterial contamination of the culture preserved. 

Less success has been realized with the Mucorales. Forty-seven of 
245 cultures grown on malt-extract agar, covered with mineral oil, 
and stored at 4°C were dead at two to two and one-half years (64). 
Although no strict correlation was observed, a general relationship 
appeared to exist between viability and generic classification. Species 
of Blakeslea, Chaetocladium, Circinella and Cunninghamella showed 
the highest percentage of non-viability. 

Most laboratories have used the technique to extend the longevity 
of cultures and have placed little emphasis on the maintenance of 
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characteristics. In those instances where the biochemical reactions after 
storage have been determined, the fungi have shown little tendency 
to vary. The infectivity of the corn pathogens ( Diplodia zeae, Giberella 
zeae, Cochliobolus heterostrophus and Nigrospora oryzae) has been re- 
ported unimpaired after two- and four-years submergence under oil 
(323, 324). Phytophthora imfestans, reported by one laboratory as 
showing reduced pathogenicity after two years in mineral oil culture 
(324), was recently found by another investigator to have maintained 
its original virulence after a similar period of storage (304). Yeast 
cultures, preserved under oil for two to two and one-half years, pro- 
duced beer of unchanged flavor (258). 

The oxygen consumption of a fungus culture submerged under one 
cm. of mineral oil is decreased to about ten per cent of the normal 
within a few hours. The decreased metabolic activity of the fungi is 
evidenced by retardation of growth and sporulation. Further reduction 
of oxygen transmission by layers of mineral oil in excess of one cm. 
has been found less favorable for the conservation of fungi (34, 58). 
Although this effect may be due solely to the further reduction of 
respiration, there is some evidence that mineral oil is, itself, toxic 
to microorganisms under conditions of complete oxygen exhaustion 
(231). 

It is important that persons applying this technique observe the 
following precautions: 4) the mineral oil must be medicinal-grade, 
and should be autoclaved at 121°C for two hours and dried in the 
oven at 170°C for one to two hours; 4) slants must be covered com- 
pletely, since they may act as wicks if they extend beyond the oil 
surface; c) storage temperatures should be chosen carefully and ad- 
justed to the needs of individual organisms (320); and d@) transfers 
from oil cultures should be made to the same medium as that upon 
which the strain was preserved. Although it has been further recom- 
mended that transfers from oil-covered slants be made by transecting 
the diameter of the colony (117, 118), it seems likely that this method 
of transfer would be conducive to variation in subcultures. 

The technique reduces frequency of transfer and effectively con- 
trols mites (34, 63, 118, 323). It is a comparatively simple method, 
since no preliminary treatment of the cultures is necessary and no 
special apparatus is required. Cultures are always available for com- 
parison and can be used repeatedly for transplantation. The method 
has the disadvantage that the tubes must be stored in an upright po- 
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sition at all times, and cultures preserved by this method appear to 
be susceptible to contamination during preparation and storage. There 
is also danger of infection to laboratory workers by spattering spore- 
bearing oil during flaming of loops or needles. 

The mineral oil method shows great promise as a means of extend- 
ing the longevity of agar-slant cultures of fungi, particularly of those 
which are not amenable to preservation by the lyophil technique. 
Many of the results reported thus far give evidence of a much longer 
preservative action than was originally anticipated. Final evaluation 
of the method must await its application to an even wider range of 
organisms Over a greater period of time. 


SOIL OR SAND CULTURES 


Preservation in tubes of sterilized soil or sand, a technique long 
used for the bacteria, has found wide acceptance in industrial labora- 
tories for the preservation of commercially important fungous cultures 
(28). 

Techniques of preparing soil cultures seem to fall into two basic 
classifications: 4) inoculation with a small volume of suspension in 
dried soil (or other substances) followed by immediate drying (320); 
and 6) use of larger volumes of inoculum or moistened soil followed 
by incubation (13, 98). The first of these obviously permits no 
growth and would preserve only those conidia introduced into the 
soil. The second, by permitting growth, would preserve propagative 
cells and mycelium at least one generation removed from the original 
inoculum. This may account for the observed predominance of “wild 
types” reported by various authors. It may also be the explanation 
for failures with the method, since conidia of some organisms may 
germinate but be unable to grow under these conditions, and subse- 
quent drying of the soil may kill the more delicate germinated cells. 

The most commonly employed soil-tube method for preservation of 
fungi is that outlined by Greene and Fred (98), consisting of inocu- 
lating five grams of orchard loam soil (20% moisture) with one c.c. 
of a heavy water-suspension of conidia, followed by drying at room 
temperature and storage in the refrigerator. 

Carriers, such as peat soil, CaCO;, CaHPO,, sea sand, clay and saw- 
dust, have been suggested to replace garden soil. Comparisons (15, 
18, 298) of these materials as storage media generally have shown 
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either loam or sand to be the most satisfactory, although there is one 
case on record in which lactic acid bacteria survived unimpaired after 
five-years storage in dried fermentation flask cultures containing cal- 
cium lactate crystals (314). 

Aspergillus glaucus, Penicillium glaucum and Rhizopus japonicus 
have been viable and capable of “superior” enzyme reactions after one- 
year storage at room temperature subsequent to drying at 37°C on 
washed sea sand and sealing. One of these cultures was still viable at 
seven years (298). 

Greene and Fred (98) successfully maintained Aspergillus fischeri, 
A. sydowi and Penicillium chrysogenum for over two years without 
loss of essential and desirable characteristics. Cunninghamella elegans, 
on the other hand, was lost after six months in soil. 

Consideration of the problem of variation (141) as it applies to 
the Actinomycetes showed that these organisms could be maintained 
in soil for months without losing their original properties, and, at 
that time, the suggestion was made that these cultures might survive 
for years in this medium. Six years after this conjecture it was re- 
ported (142) that strains of saprophytic Actinomycetes had been 
maintained thus for four and one-half years without loss of color, 
sporulation or enzymatic behavior. In addition, at least partial restora- 
tion of certain characteristics lost during prolonged subculturing on 
synthetic media was achieved by culturing degraded strains in sterilized 
soil. 

An unsuccessful attempt to obtain pycnidial or ascosporic stages 
of three species of dermatophytes on various natural media yielded 
the unexpected information that in soil these organisms remained 
viable for three years and showed little pleomorphic change (50). 

In an evaluation of preservation methods, using 245 members of 
the Mucorales as test organisms (64), it was found that all but 16 
of these cultures survived slightly over two-years storage in soil culture. 
This method of preservation ranked second to lyophilization but was 
superior to the mineral oil seal for the maintenance of these forms. 

Cultures of Aspergillus flavus, A. luteus and A. niger remained viable 
for five years in sterile sand tubes maintained at laboratory temperature 
at the Argentine Institute of Biology. No biological or morphological 
alterations were observed in these strains (101). 

Miller (201) showed that wild types of Fusaria maintained on agar 
are rapidly displaced by mutants but that maintenance in tubes of 
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sterilized soil avoids these undesirable changes and so is to be recom- 
mended. Later, in cooperation with Koch and Hildebrande (202), 
he compared serial transfer on potato-dextrose and soil infusion agars 
with the soil-tube method of conservation. The organisms included in 
their tests were: Thielaviopsis basicola, Septoria glycines, Penicillium 
notatum and a “muskmelon” form of Fusarium. Penicillium notatum 
and Fusarium sp. were still viable at the end of the test period (15 
months), the limit of viability of Septoria was approximately six 
months, and Thielaviopsis survived only two months. They found that 
the original strains were soon displaced by mutant types on potato- 
dextrose agar and, in most instances, on soil infusion agar but that 
this happened only rarely in soil culture. 

An investigation of variation in cultural characteristics and patho- 
genicity of Fusarium avenaceum and F. arthrosporioides (52) showed 
that soil culture proved suitable for both cultivation and storage pur- 
poses, since variants developed infrequently in this medium. Gordon 
(87) reached the same conclusion regarding the advisability of using 
soil cultures as a means of preserving Fusarium species. The importance 
of incubation conditions for soil cultures of Fusarium has been dem- 
onstrated by Orton (214) who observed that more dissociation oc- 
curred in soil cultures incubated under greenhouse conditions where 
they were exposed to alternating intense sunshine and darkness and 
variable temperatures for 22 months than in those incubated in a 
shaded cold frame at constant cool temperatures. 

Soil cultures of Alternaria raphani which had become dry at four 
to six weeks remained viable with neither change in cultural charac- 
teristics nor loss of virulence after five-years storage (12). In four 
of five cultures the wild type was more readily recovered than were 
variant strains; in the fifth culture the reverse was true. 

In a study on the five-year survival of 51 dried soil cultures of 
fungi, only 12, representing six of 32 genera, remained viable (13). 
The cultures surviving were: Rhizopus nigricans, Aspergillus fumi- 
gatus, A. sydowi, A. ustus, Chaetomium indicum, C. spirale, Fusarium 
oxysporum var. redolens, F. oxysporum (2 strains), Circinella spinosa, 
Penicillium janthinellum and P. purpurogenum. These cultures were 
prepared by transferring to a thoroughly moistened and sterilized 
composted loam plus sand mixture and were stored at room tempera- 
ture in diffuse daylight. Since quantitative platings revealed extreme 
variations in viability, it appears possible that this was not perhaps 
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so much a measure of the organisms’ ability to survive five years in 
soil as it was a measure of their ability to utilize soil as a growth 
substrate during the period of incubation before the thoroughly moist- 
ened material dried out. 

Of 18 species of animal or plant pathogenic fungi stored on loam, 
17 remained viable for one year and two for as long as four years; 
all of the fungi preserved in this manner remained in their original 
wild or primary states, whereas on agar the dermatophytes and Phoma 
sp., Phyllosticta sp. and Fusarium sp. became pleomorphic; in loam 
the growth of Phoma, Fusarium, Phyllosticta and Hormodendrum b 
increased throughout the medium (15). 

A comparison of the longevity of agar cultures of stock strains of 
a varied collection of fungi with cultures stored in loam showed 30 
of the 94 cultures on agar dead at two years with all showing some 
degree of morphologic change (16). In soil, all of che 94 cultures 
except Microsporum audouini and Candida albicans were viable and 
in their original state even after five and one-half years. 

The soil culture method has been recommended for both the As- 
pergilli and the Penicillia by the monographers of these genera (234, 
302) and for the maintenance of desirable physiological characteristics 
of important fermentation organisms (28, 72, 232). 

At the University of North Carolina numerous strains of Actino- 
planes have been maintained in unchanged form in soil cultures for up 
to five months (83). However, soil culture offered no advantage over 
plain water cultures of Sorodiscus cokeri (3 strains) and Woronina 
(3 strains). If either type of preparation dried out, the organisms were 
not recoverable. 

The advantages of the soil-culture method of preservation may be 
summarized as follows: a2) longevity of the cultures usually is in- 
creased substantially; 4) morphologic changes are reduced or elimi- 
nated and ¢) uniform inoculum is available for long periods if proper 
care is observed in handling the cultures. However, it is impossible 
to observe growth characteristics of the organisms or to detect con- 
tamination without recultivation. 


DRYING 


The effects of drying, as they relate to bacteria, have been investi- 
gated and reviewed extensively (53, 75, 76, 138, 206, 228, 281). 
From the early work the following generalizations have been made: 
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a) slow desiccation in air usually is less desirable than rapid dessicca- 
tion in a vacuum or in a desiccator over a chemical water-absorbing 
agent; b) the presence of protective materials and of various nutritive 
substances improves the survival period; ¢) milk and serum are per- 
haps the best menstrua; d) the size of the sample affects viability; 
and e) dried cultures live longer at refrigerator than at room tempera- 
ture. 


FROM SUSPENSIONS OR LIQUID MEDIA 


Simple air drying of suspensions of organisms on filter paper, glass 
beads, thread, cover slips or cellophane squares and drying by means 
of chemical desiccants, e.g., PxO;, H2SO, and CaCls, have been in- 
vestigated as methods of extending the longevity of bacterial cultures. 
Outstanding success has been reported by some authors. Many people, 
wary of the effect of freezing as it is used in the lyophil process, have 
utilized rapid drying by combinations of vacuum and chemical desic- 
cation without preliminary freezing. 


Brown (29, 30) reported considerable success in preserving pneu- 


mococci and hemolytic streptococci by drying loopsful of a blood or 
serum suspension of cells on pieces of filter paper or glass cover slips 
in bottles containing CaCls. These bottles, with covers placed loosely 
on waxed rims, were evacuated under a bell jar, and sealed by ad- 
mitting air to the bell jar, thus pressing the loose covers down on the 
waxed rims. Of 40 strains of bacteria dried by this method, all but 
two remained viable at from four to 12 years (31). Various modifi- 
cations of Brown's method have been reported by other authors (74, 
113, 153, 235, 283). 

Using Brown's method of drying for the preservation of rabbit 
blood suspensions of bacteria on sand, Frobisher et al. (74) reported 
that hundreds of strains of Corynebacterium diphtheriae survived for 
13 years. Their lack of success with more sensitive organisms led them 
to predict that any factors, such as higher and more rapidly produced 
vacuum, thinner layers of fluid, or more effective dehydrating agents, 
which speed up removal of water, would add to the efficacy of the 
method and probably would permit prolonged survival of the more 
delicate organisms. 

Stamp (281) described a method in which single drops of thick 
suspensions were dried slowly on pieces of waxed filter paper at pres- 
sures of 100 to 300 mm. of Hg over P,O; for two to three days at 
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room temperature. The dried disks then were transferred to sterile 
plugged containers and stored at a low pressure over P.Os. 

Perhaps the most simple method described is attributed, without 
reference, to Sordelli by St. John-Brookes and Rhodes (252) and by 
Rhodes (241). A loopful of cells is emulsified in a loopful of serum 
on the inside of a small sterile tube. The tube is plugged, placed inside 
a larger tube with a little P2O;, attached to a Hyvac pump, exhausted, 
sealed off in vacuo, and stored in the dark at room temperature. Al- 
though freezing of single drops of suspension after four or five minutes 
evacuation was reported by Campbell-Renton (40) who used a similar 
process, it seems justifiable to assume that drying would have occurred 
during that time (75). 

Rhodes (242) reported results on 405 cultures in 61 genera of 
fungi, some strictly mycelial, preserved at the National Collection of 
Type Cultures by the Sordelli method with horse serum as the suspend- 
ing medium. Nearly 88% survived for varying periods up to 13 years. 
All of the Aspergilli were viable at eight years and many showed in- 
creased sporulation over those maintained for the same period by 
regular transfer on agar slants. A year earlier this investigator had 
reported positive growth from 83% of dried preparations of 2,724 
strains representing 40 genera of bacteria (241). 

Annear (2) described a drying process, evolved from the lyophil 
technique, which involved dehydration of the viscous product that re- 
sulted when a suspension of cells in glucose was incorporated in a 
small mass of sterile freeze-dried peptone. The method was effective 
with the sensitive bacteria, Netsseria gonorrhoeae and Vibrio cholerae. 
Although the small amount of suspension used undoubtedly is dried 
in a very short time, the cells are exposed to high concentrations of 
solutes during this period. 

At the University of North Carolina, liquid cultures absorbed and 
dried by slow evaporation on filter paper strips are highly recom- 
mended for the preservation of members of the Blastocladiaceae and 
some of their parasites. Outstanding results have been reported. Of 
37 cultures of Allomyces arbuscula stored in this manner, all but two 
survived for more than 14 years and some for 17 years. Blastocladiella 
cystogena survived for 12 years by this method when pieces of grass 
were substituted for the filter paper. Many species of Pythium and the 
parasites Catenaria allomycis and Rozella allomycis also have been 
kept in this way (83). 
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ON SOLID MEDIA 


Although culturing of fungi on agar or other solid media generally 
is regarded as a short-term method of preservation, a considerable 
number of reports of retention of viability of such preparations after 
drying have appeared in the literature. 


Blakeslee (26) suggested dried bread cultures for the maintenance 
of Rhizopus. Although he had kept his cultures in this manner for 
over a year, he did not recommend it beyond six months. 


A culture of Aspergillus oryzae on dried 4% glucose agar medium 
has been reported viable at ten years (192). A tube containing a dried 
heavily-sporulating culture of A. oryzae contaminated with Rhizopus 
nigricans was sealed in 1897 and tested at intervals up to 35 years 
(189, 190). A. oryzae remained viable at 35 years, whereas R. nigricans 
died in the interval between 30 and 35 years. 

Viability of Chaetomium globosum, Aspergillus niger, A. fumigatus, 
A. glaucus and A. wentii was maintained for three years by allowing 
cultures on Czapek’s agar to attain a heavily sporulating condition in 
a 30°C high humidity incubator before transference to a large desic- 
cator, in which drying rapidly ensued (45). 

Certain strains of A. miger, A. flavus, A. terreus and A. itaconicus 
have been recovered from dried agar slants after 28 to 42 months; 
Penicillium notatum, P. vinaceum, P. purpurogenum vat. rubri-sclero- 
tium and P. chrysogenum after 34 to 40 months; and one strain of 
Rhizopus oryzae after 20 months (232). Of 245 members of the 
Mucorales on malt extract agar slants stored at 5°C, 173 strains re- 
mained viable at two to two and one-half years (64). 


The second World War, with its interruption of the mycological 
activities of many investigators and the imposition of extremely ad- 
verse conditions of storage, provided additional records of the longev- 
ity and resistance of certain fungi. 


At the Institute of Plant Pathology (310), Pisa, Italy, cultures on 
agar of Mucor racemosus and M. spinosus which had been left un- 
touched for more than five years were still viable upon subculturing. 
Chaetomium bostrychodes, C. globosum, C. indicum and two C. spp. 
grew after four and one-half years. Sporotrichum beurmanni (S. 
schenckii) had remained viable on agar for three years, and the conidia 
of Stemphylium botryosum germinated after 12 and one-half years 
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when cultured on pieces of carrot. Ceratostomella paradoxa was dead 
when tested at four and one-half years. 

Among 510 fungous cultures stored at 7°C for 32 months on po- 
tato-dextrose agar, 80°%, or more of the strains of Rhizopus, Mortierella, 
Haplosporangium, Penicillium, Fusarium and Chaetomium; 75% of 
the Absidia isolates; and 50% of the Cunninghamella and Aspergillus 
strains retained their viability. Organisms belonging to the genera 
Sporodinia, Pilaira, Piptocephalis and Mycotypha failed to survive 
(131). 

Petri dish cultures, which were left in a partially bombed building 
and exposed to extremes of humidity and temperature, yielded viable 
cultures: Sordaria fimicola, S. macrospora, S. bombardioides, Chaeto- 
mium globosum, C. bostrychodes, C. cochliodes and three of its saltants 
at ten years; Podospora minuta and Philocopra setosa at six years; and 
one of the saltants of Chaetomium cochliodes at four years (218). 

Of 14 species of Aspergillus represented by 24 strains, 11 species, 
remained viable in dried cultures ten to 15 years old (245). How- 
ever, strains of the same species often behaved differently. Conidia 
from 12- to 13-year-old cultures of five varieties of Aspergillus niger 
showed a delay in germination when compared with younger conidia 
(246). After germination occurred, however, there was no difference 
in the intensity of growth and fruiting. 


MISCELLANEOUS RECORDS OF LONGEVITY 


Other reports of longevity of original collections of fungi dried and 
stored in a variety of ways, although not actually representing dried 
cultures in the sense of the above, are considered here. 

Buller (35) reported fruit bodies of Daedalea unicolor and Schizo- 
phyllum commune air dried and stored in the dark at room tempera- 
ture viable at seven years six months and five years seven months, 
respectively. A subsequent account by Buller (36) listed the following 
records for air-dried pilei of Basidiomycetes: Stereum purpureum, 12 
months; Stereum bicolor, 18 months; Phlebia pileata, 32 months; 
Phlebia zonata, 12 months; Merulius corium, 24 months; Daedalea 
wnicolor, 99 months; Polyporus rigens, 24 months; Polystictus versi- 
color, 24 months; Polystictzs hirsutus, 36 months; Trogia crispa, four 
months; Schizophyllum commune, 75 months, Lenzites betulina, 36 
months; Marasmius oreades, six weeks. Buller carried his investigation 
with Schizophyllum commune one step further and sealed pieces of air- 
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dried pilei in tubes in a vacuum of less than 0.1 mm. Hg. These 
preparations were stored in the dark at room temperature and were 
reported viable at 19 months with the last three weeks of storage be- 
ing at the temperature of liquid air. Thirty-four years later Bisby (25) 
obtained pure viable cultures from one of these same preparations. 

Seven of ten species of rusts remained viable after six-months storage | 
at cool temperature and moderate humidity (179). Leaves infected 
with crown rust of oats, enclosed in paper bags, dried in an electric 
refrigerator at 10°C and low R.H., and maintained at different humidi- 
ties, remained viable for up to 300 days when held at 5-10°C and 
25-50% humidity (250). 

In 1928, McCrea received two specimens from a car which had 
suffered an unusual degree of damage in a minor collision. One of 
these was a piece of wood from the body and the other a piece of 
upholstery. From both of the specimens she isolated Merulius lacry- 
mans. The two fragments were wrapped in parchment paper and stored 
on a shelf at room temperature. In 1930 both still were viable. Between 
1930 and 1934, the one on the cloth died but the other remained 
viable, indicating a probable longevity of 10 to 11 years in the wood, 
since the fungus was no doubt present when the car was built (191). 

Additional reports of retention of viability over extended periods 
included the unimpaired vitality of oospores of onion downy mildew 
(Peronospora destructor) after 25 years of outdoor exposure (195), 
the germination of mature myxomycete spores after 32 years (274), 
and the continued isolation of Helminthosporium sativum from wheat 
seed after 17 years storage (25la). 

Kneebone (146) described a technique known as the spore-print 
method, which has been used successfully at Pennsylvania State Uni- 
versity for conservation of many of the Hymenomycetes. Fruit bodies 
were suspended above dry sterile filter paper disks and were allowed 
to remain until a satisfactory print had been made by the discharged 
spores. The filter paper was cut in strips and stored in Petri dishes 
or test tubes at 3°C. Spores of Agaricus campestris bisporus, preserved 
by this technique, have remained germinable at about the 1% level 
after 25 years (147). Other agarics have survived for up to three 
years. 

Although there are records of phenomenal retention of viability by 
some microorganisms following air-drying of gross cultures, more con- 
sistent success has been achieved through rapid dehydration of cells 
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in a protective vehicle, and such methods have been shown to be more 
satisfactory than sublimation from the frozen state for the preservation 
of some fungi (33, 89, 188). Chemical desiccants and reduced pres- 
sure have been utilized to expedite the drying process. In many in- 
stances, air-dried gross cultures have survived without special sealing 
precautions, but sealing im vacuo has been found to be essential for 
prolonged survival following rapid desiccation. 


FREEZING 


The limited scope of this article precludes a complete review of 
the vast literature on the effects of freezing on living things. Many 
theories have been advanced regarding the mechanisms by which ex- 
posure to low temperatures destroys living cells and tissues. The com- 
plexities of the problem have resulted in extensive disagreements 
among the biophysicists, and the resulting contradictory statements defy 
interpretation by the uninitiated. Fungi and yeasts have been used as 
the test organisms in only a very minor portion of the investigations 
on freezing damage (62, 157, 158, 210, 312); the emphasis has 
been on mammalian tissues, red blood cells, bacteria and viruses. How- 
ever, since storage at freezing temperatures may be a new and valu- 
able method of culture maintenance and since microorganisms are 
exposed to freezing temperatures during lyophilization, we must con- 
sider some of the dangers involved. 

Experimentation in this field began with the invention of the 
thermometer in 1714 and expanded rapidly after liquefaction of oxy- 
gen, air and hydrogen in the last quarter of the nineteenth century. 
Reports of the early results are scattered throughout journals of many 
branches of science and have been summarized by Hampil (106), 
;Belehradek (23), Morton and Pulaski (206), and by Luyet and 
‘Gehenio (171). Since 1940 a tremendous amount of work has been 
reported by American and English biophysicists. The discovery that 
‘glycerol exerted a protective action during freezing of spermatozoa 
(225) has provided the impetus for further acceleration of these in- 
vestigations. This subject has been reviewed by many people (163, 
169, 317, 319, 335). The reader is referred particularly to the sum- 
mary by A. U. Smith (272), with its extensive bibliography, and 
to the very recent discussion on viability of mammalian cells‘and tissues 
after freezing (219). 

Sudden cooling between +40° and 0°C is known to induce death 
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of myxomycete plasmodia (80) and temperature or thermal shock in 
higher animals and plants (203), insects (221), algae (151), bacteria 
(128) and protozoa (97). Slow cooling through this temperature 
range is believed to prevent damage by permitting time for adaptive 
changes such as supercooling or reduction in water content which re- 
sult in increased resistance to intracellular ice formation during sub- 
sequent freezing (272). 


EFFECTS OF FREEZING TEMPERATURES 


The existence of a critical or lethal temperature zone between 0°C 
and —45°C has been recognized by numerous investigators (171, 
272). The critical temperature varies for different organisms, cells 
and tissues and for the same test subjects in different suspending media. 
It has been correlated with the initiation of extracellular ice forma- 
tion and with the resultant concentration of salts to critical levels 
(65, 155, 156, 161, 162, 198, 199, 205, 296, 319). Death occurring 
during continued exposure at these temperatures is believed to result 
from too rapid dehydration by exposure to concentrated electrolytes 
(161), to imbalances in enzyme systems which are slowed at differ- 
ential rates (143), or to other changes which result from continued 
diffusion through membranes whose permeability has been altered 
(164, 272). 

The most obvious result of freezing is, of course, the formation of 
extracellular ice crystals in the suspending medium. Such crystals have 
been considered to cause death of the suspended cells by puncturing 
or by pressure and crushing between the growing ice masses (103, 
133, 145, 171, 228, 259, 272). The majority of more recent investi- 
gators, however, appear to subscribe to the theory that the crushing 
effect of growing ice masses is more than offset by the internal osmotic 
pressure of the cells. This internal pressure shows a negative correla- 
tion with cell size and, in conidia of Aspergillus niger and Penicillium 
glaucum which survive freezing, amounts to more than 160 atmos- 
pheres (10). In addition, yeasts and other microorganisms have been 
shown to survive great hydrostatic pressure (43, 167), and intact cell 
walls have been observed microscopically to act as barriers to the pas- 
sage of ice crystals (273). It has been stated, also, that before crushing 
effects could exert any extensive damage, intercrystallic concentration 


of electrolytes would have caused dehydration and eventual destruc- 
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tion of the cells as a result of osmotic withdrawal of water from cells 
and tissues (168, 272, 308a). 

Natural resistance to freezing damage has been correlated with the 
moisture content of bacteria (275), yeasts (39, 47a) and wheat em- 
bryos (159). The range of moisture contents in which wheat seeds 
survive freezing has been demonstrated to coincide with the range in 
which water was unable to crystallize in gelatin gels. 

Since 1940, when Luyet and Gehenio summarized the early litera- 
ture dealing with the effect of freezing on living organisms, they and 
their colleagues have published prolifically on the subject of freezing 
damage to many types of cells and tissues, and have concluded that 
death at low temperatures is due to intracellular ice-crystallization and 
can be avoided by ultra-rapid freezing with the formation of vitreous 
or “glass” ice (169, 229). Other investigators, however, believe that 
ice crystal nucleation is confined to extracellular spaces by slow freez- 
ing (10a, 198, 199, 335a). All agree that intracellular ice formation 
causes death either by bursting of the cells (171, 259) or through 
breakdown of the protoplasmic colloidal system. Damage to the proto- 
plasm has been attributed to mechanical disturbances involved in the 
change from a random to an ordered arrangement of molecules dur- 
ing crystallization (169, 171, 287), or to destruction of the surface 
charges through agglutination or precipitation of protoplasmic pro- 
teins and lipoids during exposure to the increasing internal salt con- 
centration (259). 

Recent findings (4) regarding the form of ice crystals at various 
temperatures and under different conditions (170) may explain some 
of the questions still unresolved. 


EFFECTS OF THAWING RATE 


In 1940, Luyet and Gehenio stated that “A large number of inves- 
tigators have studied experimentally the theory that the so-called death 
by freezing is caused by too rapid thawing. No general conclusions 
can be derived from their results which seem largely to disagree”. 
Although there are occasional reports to the contrary, the preponder- 
ance of evidence provided by continued investigations indicates that 
rapid rewarming following slow, rapid or ultra-rapid freezing is re- 
quired for maximum survival (219, 272). 

Using Aspergillus flavus as the experimental organism, Mazur (183, 
184) concluded that the complex effects of low temperature could be 
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most adequately explained by the hypothesis that death is partly a 
result of intracellular ice formation but primarily a result of the sub- 
sequent slow melting of intracellular ice. In a later publication (185) 
death of Aspergillus flavus conidia was attributed specifically to the 
slow warming of the frozen suspension. Viability was dependent on 
the rate at which the suspension was warmed from —70° to 0°C. 
The most pronounced lethal effects were demonstrated in the range 
between —20°C and 0°C. Slow warming was more harmful than 
rapid warming when spores were suspended in horse serum, 0.16 molal 
sodium chloride, 0.29 molal sucrose, or distilled water. 

When Pasteurella tularensis cells are cooled in a gelatin-saline solu- 
tion to —30°C or higher, high survival rates are obtained regardless of 
the other factors. When cooled to —45°C or below, however, slow 
cooling and rapid warming give highest survival (186). The effect 
of rapid warming is more marked after rapid freezing. The protective 
action of slow cooling occurs between —10° and —25°C. Later work 
(187) has shown that use of 0.30 M glucose or 0.62 M lactose solu- 
tions in suspending menstrua also protected against this damage to 
Pasteurella tularensis during passage through the temperature range 
of —30° to —45°C. 

Death during slow thawing (at temperatures below +40°C) has 
been attributed to prolonged exposure to the critical temperature range 
between —40°C and 0°C and to critical salt concentrations (272) or 
to the increase in size of the crystallites. The latter are formed in large 
numbers during rapid freezing and are allowed insufficient time to 
grow to damaging proportions during rapid re-warming (174, 198, 
204). 

Repeated freezing and thawing is conceded to be harmful to all 
organisms (106, 132, 133, 171, 244, 272, 335). Even the resistant 
tubercle bacilli, which have been shown to withstand exceedingly rigor- 
ous conditions of water and oxygen deprival for up to 24 months 
(226, 227) and have survived in small numbers up to 200 alternate 
freezings and thawings (295, 316), are greatly reduced in their in- 
fectivity and ability to multiply (150). 


EFFECTS OF STORAGE TEMPERATURE 


The necd for rapid reduction of storage temperatures to a stabilizing 
range when continued preservation is desired has been emphasized 
and demonstrated by several workers (198, 199, 219, 296). 
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Death during storage at —1°C of aqueous suspensions of Bacillus 
pyocyaneous frozen at —70°C has been shown to be more rapid than 
during storage at —20°C. Extracted cellular proteins of Bacillus pyo- 
cyaneus were coagulated during storage at —2°C, while such floccula- 
tion was negligible at —20°C (103). 

Spirochaetes satisfactorily preserved by freezing at —78°C were 
severely damaged by storage at temperatures between —20°C and 
—12°C (196). Vinegar eels, successfully recovered immediately fol- 
lowing rapid freezing at —-196°C after a preliminary dehydration in 
30% ethylene glycol, were killed by exposure to temperatures above 
—39°C (176). Storage at temperatures above —40°C of satisfac- 
torily frozen preparations of influenza virus resulted in a definite loss 
in titre (100). Treponema pallidum, frozen and stored at —70°C 
in a 15% glycerol solution, survived for two months without loss of 
virulence. Aliquots of the same suspension held at either —40°C or 
—15°C deteriorated rapidly (133). When suspensions of Pasteurella 
tularensis cells were frozen above —45°C, continued exposure above 
45°C was comparatively harmless; after freezing below —45°C, 
holding at higher temperatures gave greater kill than when these were 


held at lower temperatures (186). All of the evidence appears to in- 
dicate that for maximum survival, the storage temperature should be 
lower than the initial freezing temperature. 


SUSPENDING MEDIA AND ADDITIVES 


Protection from the effects of thermal shock has been provided, 
during rapid cooling of bull spermatozoa to 6°C, by addition of egg 
yolk to the diluent (223). In the case of erythrocytes, damage ob- 
served during rapid cooling from +30° to +5°C in sodium chloride 
solutions stronger than 0.8M has been reduced by addition of lecithin 
to the suspending medium (160). The function of these substances 
at temperatures above O°C has not been explained. The protective ac- 
tion of colloidal substances used as suspending media in freeze-drying 
of microorganisms is discussed on page 114. 

Slight dehydration by exposure to low concentrations of sodium 
chloride or sugar may confer resistance to subsequent freezing by 
dehydration of the test samples (177, 178, 262). Addition of sugars 
to whole citrated blood has permitted recovery of a large percentage 
of erythrocytes following storage for six months at —93°C (290a). 
However, strong solutions of salt or sugars are known to induce ex- 
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tensive dehydration without freezing (161, 178). Damaging concen- 
trations vary for different organisms or tissues and may depend upon 
the degree of natural resistance to dehydration which the individual 
cells or tissues display. The relative effect of different concentrations 
of sucrose on the destruction of microorganisms during freezing have 
been shown to vary according to the pH, the storage temperature, 
period of storage, and the nature of the suspended organisms (194). 
The mortality of cells of Candida albicans frozen to —65°C in physio- 
logical saline was reduced or abolished by addition of vitamins of the 
B-complex, especially thiamine, pyridoxine, pyridoxamine, nicotinic 
acid, folic acid, biotin or By2 (10b, 10c). 

For many years glycerol has been known to protect organisms from 
the damaging effects of freezing (145) and has been utilized exten- 
sively for this purpose. Other substances, including a large number of 
mono-, di- and polyhydric alcohols and their derivatives (162); amides 
such as formamide, acetamide, propionamide; and urea and methy!- 
urea (144) have been compared with glycerol. Of these, ethylene 
glycol, propylene glycol, acetamide and urea have shown a protec- 
tive action equal to that of glycerol. Observations indicate that pro- 
tection occurs only when the solute is able to permeate the cell, and 
that the amount of solute required for protection is proportional 
to its molecular weight (162). Glycerol has shown the most universal 
applicability because of its relatively low molecular weight, its ability 
to permeate cells freely, its miscibility with salt solutions and its lack 
of toxicity even in high concentrations (272). The concentration of 
glycerol required to afford protection from the damaging effects of 
freezing varies for different cells and tissues (224) and is apparently 
dependent upon the permeability of the cells and their natural re- 
sistance to increasing concentrations of electrolytes (164). Scharf 
(255) has shown that transfer of an amoebo-flagellate from high con- 
centration of ethylene glycol to water causes cytolysis, apparently as 
a result of too violent influx of water into cells which had become 
hypertonic due to penetration of the glycol. 

The mechanism of the protective action of glycerol, ethylene glycol 
and other substances when added to freezing suspensions or used 
as pretreatments has been the subject of debate and has been attributed 
variously (81, 84-86, 90, 133, 144, 154, 160-162, 169, 172-175, 178, 
225, 272) to a) their ability to penetrate the tissues, ) their action 
in reducing the concentration of internal electrolytes which normally 
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occurs as a consequence of freezing, c) protein dissociation and/or 
water-binding by hydrogen-bonding, d) dehydration of tissues with 
resultant lowering of their freezing point, ¢) their action in delaying 
the initiation of ice crystallization, f) reduction of the total amount of 
ice formed at a given temperature, and g) their “salt-buffering” action. 


REPORTS OF SUCCESSFUL MAINTENANCE 


In spite of the extensive investigations on the survival of living cells 
after storage at freezing temperatures, the frozen storage method of 
preservation has been applied to fungi by very few workers, and only 
scattered reports on the retention of viability by fungous cultures under 
these conditions have appeared in the literature. 

The first application of the frozen storage technique to a varied 
collection of fungi on agar slants was reported in 1956 (42). Four 
hundred cultures representing 65 genera were inoculated on Sabour- 
aud’s agar in 15x 100 mm. screw-capped tubes, incubated at room 
temperature for two months, and placed at —20° in a “deep-freeze” 
chest of the type commercially produced for home use. Of these 400 
cultures, 17 were lost in nine months, ten were non-viable and seven 
were so badly contaminated with a form of Penicillium that they could 
not be recovered. At least one strain survived of every species in the 
collection except Geomyces auratus, Neurospora tetrasperma and Sor- 
daria fimicola which were represented by single isolates. Carmichael 
has suggested reasons for the fatalities encountered. He can perhaps 
properly suspect the suitability of the medium in the case of the Asco- 
mycetes which grow and fruit poorly on Sabouraud’s agar. It is more 
probable that death of the organisms occurred during the two-months 
incubation at room temperature, since control tubes of the same 17 
organisms, stored at 5°C, were also dead. Limited experiments with 
eight cultures, frozen and thawed on three successive occasions, led 
him to suggest that cultures should not be refrozen. 

The freezing method described by Carmichael is being investigated 
at the Quartermaster Laboratories as a possible additional method of 
preservation, but very few tests of survival have been made as yet. 
Of ten strains of Penicillium subcultured from frozen slants stored for 
approximately one year at —25°C, eight have yielded cultures of un- 
changed morphology. 

Galls of Gymnosporangium juniperi-virginianae, 4” and over in 
diameter with telial horns approximately 12” long when dry, frozen 
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at —40°C in paper cups and stored at —10°C, discharged teliospores 
of unimpaired germinability up to 15 months after the first freezing. 
Three periods of spore discharge were obtained from a single gall that 
had been refrozen after each discharge. Conidia of Venturia inaequalis 
showed excellent germination 15 months after being frozen at —10°C 
aS a concentrated aqueous suspension in a paper cup. It was necessary 
only to chip a piece from the ice block to obtain a satisfactory inocu- 
lum. These frozen conidia, however, were more sensitive to fungicides 
than were unfrozen controls. Similar suspensions frozen at —40° did 
not display this increased sensitivity (104). 


Bacteria and fungi suspended in a 1:1 solution of Ringer Locke's 
solution and 10‘% hog gastric mucin, sealed in 10 ml. ampoules, frozen 
in a solid CO-alcohol bath and stored in a dry-ice cabinet, showed no 
detectable loss of viability at two years (336). 


At the University of Illinois College of Medicine, a search for a 
convenient, simple routine to overcome continued difficulty in main- 
taining typical cultures of dermatophytes for teaching purposes led 
to an investigation of storage of these fungi at low temperatures (200). 
Sixty-one isolates of 12 species of dermatophytes were preserved by 
transferring small bits of growth from each culture to tubes containing 
1.5 ml. of sterile human plasma and 1.5 ml. of sterile licmus milk. 
These tubes were stored at —22° and —52°C for periods up to two 
years. The preparations were thawed before recultivation and immedi- 
ately refrozen. One isolate each of Trichophyton violaceum and T. 
tonsurans failed to survive four months of storage, although other 
strains of these two species survived for two years. One of six isolates 
of Epidermophyton floccosum was dead when tested at 12 months. 
All survivors were identical to the original cultures in gross and micro- 
scopic characteristics and displayed no pleomorphic changes. The lag- 
growth period was shorter than in the controls prepared from stock 
collections. Refreezing of the thawed preparations was not recom- 
mended since some species did not survive this treatment. 

Phytophthora phaseoli, the downy mildew of lima beans, has been 
kept viable and showing no loss of pathogenicity for over 100 days 
when stored at —10°F. The organism was grown on lima bean seed- 
lings until heavy sporulation was observed; the seedlings were cut into 
short pieces and placed in screw-top jars for storage.(324a). A similar 
method has been used for the maintenance of conidia of the obligate 
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parasites of spinach, Albugo occidentalis and Peronospora effusa 
(213a). 
COMMENTS 


According to Smith (272), differences of opinion regarding the 
most desirable rate of freezing can be explained by the fact “that 
a wide variety of living cells is susceptible to thermal shock [and } 
it therefore follows that the optimum rate of cooling for preserving the 
viability of any cell or tissue depends on conflicting factors”. From 
this she has concluded that “cooling must be slow enough to avoid 
the occurrence of thermal shock and rapid enough to avoid prolonging 
the harmful action of concentrated salt solutions during separation of 
ice, or to allow the coagulation and loss of solubility of colloidal sub- 
stances, or any other form of intracellular disorganization”. Considera- 
tion of this same inherent variability in the physiological character- 
istics of cells and tissues has led her to believe that “maximum sur- 
vival of different organisms and tissues after freezing to and storage 
at low temperatures will require different media at different concen- 
trations”. 

The inconclusiveness of the work reported to date on the mechan- 
isms operative in freezing and thawing has been emphasized by recent 
suggestions (335) that more must be known about: a) the shape of 
survival curves following cylical freezing and thawing; 6) the im- 
portance of freezing rates on cellular inactivation; c) intracellular and 
extracellular freezing, d) inactivation of microorganisms by exposure 
to high salt concentrations; e) the relative effects of high salt con- 
centrations; and f) the role of glycerol and other substances in pro- 
tecting against the detrimental effects of freezing and thawing. Num- 
erous additional recommendations for further research were proposed 
by the participants in a discussion on viability of mammalian cells and 
tissues after freezing (219). 

Despite the lack of definitive knowledge regarding the effects of 
low temperatures on living organisms, reports of successful storage 
of Endamoeba histolytica for 65 days (77), of human red cells for 
nine months (271), of ten species of avian malaria parasites for 212 
days without decline of infectivity (180), of tropical pathogenic pro- 
tozoa for periods of months to a few years without loss of charac- 
teristics (315), and of certain spirochaetes for up to three years (193, 
305, 306, 307) without loss of virulence when suspended in various 
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concentrations of glycerol indicate that frozen storage of suspensions 
in protective vehicles may be an important additional means of long- 
term preservation of sensitive fungi (3). 

The increased resistance to damage by X-ray irradiation shown by 
suspensions of cells of Saccharomyces cerevisiae frozen at —10°C as 
compared with cells in a similar but unfrozen suspension (334) sug- 
gests that, in our radiation-conscious age, we should perhaps give 
serious thought to freezing as a means of preserving collections of 
important fungi. 

The ready availability of low-temperature mechanical refrigeration 
equipment, dry-ice, and liquid air or nitrogen has overcome the greatest 
deterrent to the general application of freezing techniques and has 
cleared the way for extensive investigation of the scope and appli- 
cability of this potentially promising method. Improved techniques for 
microscopic observation of the freezing process and for accurate con- 
trol of freezing and rewarming temperatures will greatly facilitate 
such investigations (219, 240). However, the need for continuous 
freezing temperatures coupled with the possibility of electrical failures 
would seem to present a very serious objection to the method. 


FREEZE-DRYING 


Freeze-drying or lyophilization is the outgrowth of earlier methods 
of drying which have been applied to a wide variety of bacteria and . 
to some of the fungi for many years (75). Recognition of the danger 
of continued exposure to the concentrated solutes of the suspending 
medium during slow-drying processes (261) led to the utilization 
of various pre-freeze techniques which, by immobilizing the dissolved 
solids, are believed to reduce such concentration. 

Studies aimed at more satisfactory drying of human plasma (93), 
initiated in England at the beginning of the second World War, gave 
impetus to investigations of the process and were largely responsible 
for its widespread application to the preservation not only of blood 
and blood-products (290, 291) but also of foods (78, 111), virdses 
(114), bacteria (75), fungi and many other biological materials 
(24, 124, 181, 270). 


The developments preceding the first report of the successful ap- 
plication of a freeze-drying technique to the conservation of fungi 
(233) have been reviewed by many authors (67, 68, 70, 75, 95, 138, 
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206, 228). It will, therefore, be unnecessary to include complete ref- 
erences to the early literature in this discussion. 


METHODS 


Shackell (261) is credited with having been the first to draw at- 
tention to the importance of freezing, and of drying from the frozen 
state, as a means of preventing harmful concentrations of dissolved 
solids during low-vacuum drying over sulfuric acid. With Harris (112) 
he applied this technique successfully to the preservation of rabies 
virus. Hammer (105) used a similar method for preserving bacterial 
cultures on paper strips. Rogers (248) used the same technique for 
preservation of lactobacilli. Orten (216, 217) also used sulfuric acid 
as the water-absorbing agent, but dried at a much higher vacuum, and 
stored his cultures im vacuo. 

Swift (293) introduced the use of P2O; to replace the sulfuric acid 
used by previous investigators, and sealed his dry preparations in air 
with paraffin wax. Freezing was achieved during his process. He, too, 
cautioned against the deleterious effects of concentration of solutes in 
reduced volumes of suspension when preparations are allowed to 
thaw during the process. He was the first (294) to use solid CO». 
as the freezing agent. Though he sealed his cultures in air, he referred 
to the possibility of sealing im vacuo. Hemolytic streptococci were 
reported viable and unchanged at 20 years. Elser and his co-workers 
(61), employing a technique similar to Swift's froze their suspen- 
sions in ice-salt at —18° to —20°C, maintained a temperature of 
—4°C during evacuation, and were the first to seal their cultures in 
vacuo from an evacuated manifold. Roe (247) dried frozen concen- 
trated serum suspensions on strips of filter paper, sealed the dried 
strips im vacuo and stored at low temperatures. Morton and Pulaski 
(206) used Swift's ice-salt technique for the preservation of a great 
variety of bacterial cultures. Stillman (289) also employed Swift's 
solid CO, method. 

Proom and Hemmons (228) modified Swift's earlier method by 
placing the whole desiccator in dry-ice so that it could be exhausted 
continuously during overnight drying. These investigators, who re- 
ported successful conservation of a variety of yeasts and fungi and 
1500 strains of bacteria, continued vacuum dehydration in a second 
desiccator over P2O; at room temperature for seven days, introduced 
dry Ne, and sealed the tubes with a torch. 
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Flosdorf and Mudd (70) arranged their suspensions on a manifold, 
froze them in a dry-ice-methyl “Cellosolve” bath, dried under high 
vacuum, and sealed off in vacuo from the manifold. In their early 
work they used vapor traps cooled with solid CO., but later (71) 
recommended CaSO, (“Drierite”) to replace the dry ice condenser, 
and they suggested that the prefreeze could be omitted without danger 
of frothing during evacuation if the tubes were held at a reduced 
pressure for a short time to allow the dissolved gases to escape. Subse- 
quent lowering of the pressure would cause the suspensions to freeze 
by evaporation. Many other investigators (64, 88, 89, 121, 134, 148, 
209, 233, 269, 281) have used modifications of Flosdorf and Mudd's 
process. 

Greaves (92, 94) obtained an evaporative snap-freeze without de- 
gassing by employing a centrifugal vacuum-freezing method. A speed 
of 1450 r.p.m. was more than adequate to prevent frothing of liquids 
in vacuo. Water vapor was absorbed by trays of P2O; or by a refrig- 
erated coil at —-40°C. Fry and Greaves (76) described an additional 
process which consisted of prefreezing small drops of suspension on 
narrow cellopkane strips in liquid air and drying im vacuo, using a 
liquid air condenser. The strips were transferred to small glass tubes 
which then were constricted, attached to the manifold, evacuated, and 
sealed in vacuo. This method did not prove to be suitable for routine 
work, since the transfer of the cellophane strips to the small tubes 
had to be carried out in a cold room at —25°C. The hygroscopic 
character of the dry suspensions precluded exposure to the air. 

The technique utilized and described by Raper and Alexander (233) 
for the preservation of Aspergilli, Penicillia and other selected Hypho- 
mycetes and further recommended by these investigators (64) for 
the Mucorales, certain Hymenomycetes and pathogenic fungi, has be- 
come known as the “NRRL” (Northern Regional Research Labora- 
tory) method and is essentially the Flosdorf and Mudd technique. In 
this process conidia suspended in serum are attached to a manifold, 
lowered into a dry-ice methyl “Cellosolve” bath at —45°C, and evac- 
uated until the pellets are visibly dry (usually one to one and one-half 
hours). Drying proceeds most satisfactorily when a vacuum between 
200 and 500p of mercury is maintained. The manifold then is raised 
and evacuation is continued for an additional half hour at room 
temperature. The tubes are sealed in situ under vacuum with a gas- 
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oxygen torch. Water vapor is condensed on a vapor trap cooled by 
a CO»-Cellosolve mixture. 

Haskins and Anastasiou, who investigated the effect of various 
suspending media and methods of freezing (121), reported on what 
they refer to as the PRL (Prairie Regional Laboratory) (152) method, 
an adaptation of the Proom and Hemmons technique. In later work 
Haskins employed the spin-freeze technique of Fry and Greaves. The 
PRL method is a two-stage process in which one-ml. aliquots of cell 
suspensions, in 12% Difco skim milk are frozen in a freezer chest or 
in a dry ice-acetone bath and evacuated overnight in a pre-chilled 
desiccator. The tubes are removed from the desiccator, attached to a 
manifold for secondary drying at room temperature, and sealed under 
vacuum. This method is in use at the American Type Culture Collec- 
tion (320) and formerly was used at the U.S. Army Quartermaster 
Culture Collection. We have found that technical difficulties and 
operational failures are less frequently encountered with the NRRL 
method and now have adopted this technique. We are, however, using 
Difco skim milk as the vehicle because of its ease of preparation and 
ready availability. 

The work of Haskins and Anastasiou (121) showed little difference 
in survival rates between the NRRL and PRL methods. We believe, 
however, that their results may have been influenced by the small 
number of tubes processed in each run and that in actual practice 
the NRRL method yields more dependable results. In the large 
primary drying chambers used in most laboratories it is probable 
that conditions of temperature and rates of drying are not the same 
throughout the entire chamber and that such conditions would be 
conducive to inconsistent results. Exposure of the dried pellets during 
transfer from the primary drying chamber to the manifold, even 
though this exposure be extremely brief, has been shown to exert an 
unfavorable effect (228) either through oxidation (230, 283) or 
through contact with the solutes of the suspending medium redissolved 
in a concentrated state (112) upon exposure to atmospheric humidity. 
The NRRL method assures that the same conditions prevail in all 
of the suspension tubes and avoids air-exposure of the dried prepa- 
rations through sealing im situ. 

The spin-freeze technique has not been used by this author but 
the objection regarding exposure to the air between primary and 
secondary drying given above for the PRL method would apply here 
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as well. In addition, the equipment required is expensive and not 
ordinarily available in most laboratories. 

An additional modification of the lyophil procedure has been de- 
scribed which, through the use of special ampoules, makes it possible 
to obtain a thin layer of product without the need for previous cen- 
trifugation in the cold and which makes continuous operation possible. 
Two hundred ampoules, each containing two ml. of liquid, can be 
processed in one hour (123). 

A continuous spray-drying technique, developed for the preserva- 
tion of foods and applied to the drying of plasma and serum (330), 
proved to be impractical for the preservation of Aspergillus flavus and 
Pestalotia palmarum because only a small percentage of the suspen- 
sion was recoverable and only one tube could be done at a time (188). 
However, such a technique would be useful in preparing large amounts 
of inoculum of a single organism. 


All of these methods have been modified to fit individual organisms 
or simplified to fit available equipment in many laboratories (7, 17, 
19, 37, 57, 91, 99, 126, 182, 220, 249, 297, 303, 332). 


FACTORS INFLUENCING SURVIVAL 


Much has been written regarding the factors which influence sur- 
vival following freeze-drying of microorganisms. Findings have -been 
contradictory, and, from this conflicting information, little can be con- 
cluded beyond the generalizations that the method employed, the or- 
ganism under test and the suspending fluid all have their effects on 
the response to low or extremely low temperatures and that all of these 
exert their influence during dehydration. The more important of these 
variables are considered here in some detail: 


IDENTITY OF THE ORGANISM 


Successful preservation by freeze-drying has now been reported for 
the Actinomycetales, many genera of the Moniliales, the Mucorales, the 
Melanconiales, the Eurotiales, the Uredinales, the Ustilaginales, the 
Peronosporales, and for certain classes of algae. Other organisms in 
the Endomycetales, Sphaeriales and Sphaeropsidales have been con- 
served by this method but have not been reported in the literature. 
Spores of the Acrasiales have been processed satisfactorily but vege- 
tative amoebae have failed to survive (64). 
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The addition of Pythiwm to the list of fungi which have been suc- 
cessfully freeze-dried (280) has given evidence of a wider applica- 
bility of the process than was formerly presumed and has cast serious 
doubt on the validity of the assumption that survival is directly cor- 
related with cell size and cell-wall characteristics (233). 

Although the Entomophthorales and, in our hands, the Helicosporae 
have thus far resisted preservation by this technique, report of the 
successful freeze-drying of human semen (225) gives promise that 
sensitive fungi may be conserved thus when suitable conditions are 
determined. 


CONDITION OF THE CULTURE 


There is general agreement that cultures to be lyophilized should 
be grown under conditions optimal for each organism (54, 64, 125, 
197, 233, 265, 283, 329) and that they should be lyophilized when 
conidia or other propagative cells have attained their greatest degree 
of natural resistance (76). This, presumably, is at maturity of the 
propagative cells and prior to any decline due to aging. 


CONCENTRATION OF THE SUSPENSION 


Stamp (281) considered chat there was a negative correlation be- 
tween survival and the concentration of suspensions: This effect sub- 
sequently has been attributed by Fry and Greaves (76) to multiplica- 
tion during the early stages of Stamp's slow drying process. 

Stamp’s conclusion also has been refuted by later workers (137) 
who have found that suspensions of Brucella abortus contain a sub- 
stance which influences the degree of killing caused by freeze-drying. 
When cells from dilute suspensions were mixed with the cell-free 
fluid from concentrated suspensions and then freeze-dried, the per- 
centage of cells surviving was comparable to that obtained when con- 
centrated suspensions were frozen and dried. Recovery did not change 
during three-days storage at 4°C. The protective material was dialyz- 
able and heat-stable. A similar protective effect during drying (but 
not during freezing alone) was noted by Record and Taylor (236) 
who dried high and low concentrations of Escherichia coli cells in 
phosphate buffer from the frozen state (—35°C). This protection 
was enhanced, particularly during prolonged secondary drying, by the 
addition of glucose. The mechanism of the protective action of the 
cell-free filtrate was not fully understood but was thought to be due 
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either to a reinforcement of the cell envelope by colloids or to a re- 
tention of a minimal amount of moisture. 


SUSPENDING MEDIA 


Experimentation on the influence of the vehicle during freezing and 
drying has been widespread and has resulted in recommendations for 
many suspending media. Numerous reports, based on results following 
freezing without the added rigors of drying, have been reviewed in 
the section on FREEZING. Although it is questionable (76, 236) that 
such information can be applied directly to the improvement of lyo- 
philizing techniques, the possibility definitely is indicated (225). 

The effect of the suspending medium during freeze-drying of bac- 
teria has been reviewed recently by Fry (75). It will be unnecessary 
to recount the literature cited in his summary, and only those references 
not included by Fry or those specifically concerned with the preserva- 
tion of fungi will be included here. 

Undiluted and unmodified beef serum, prepared in the laboratory 
from freshly collected blood, is used as the suspending medium at the 
Northern Utilization Research and Development Division (formerly 
N.R.R.L.) where outstanding success has been achieved with the 
lyophil preservation of a large and varied collection of fungi. The 
reports which have issued from this laboratory (64, 125, 197, 233, 
329) give evidence of a much wider applicability of the process than 
those from any other single organization, and this success may be 
attributable to the vehicle used. 

Using the NRRL process with a variety of suspending vehicles, 
Buell (33) determined that 20% sucrose was the most desirable 
medium and yielded 65 to 85% germination of Pestalotia palmarum 
spores. This worker also suggested a modification of the NRRL lyophil 
process in which the suspensions were made in a mixture of 20% 
sucrose and 0.3% Kelco algin, evacuated (degassed) from the liquid 
state, frozen in a bath at —60°C to —75°C and sublimed. By this 
technique, 93% germination of P. palmarum was realized immediately 
after processing. 

Weston (326), reporting on results obtained with the NRRL 
method in preserving strains of Pestalotia palmarum and Aspergillus 
flavus, stated that viability ranged from 0.5 to 15‘%. Modifications 
were suggested. Germination following processing could be increased 
to 30% through the use of a preliminary evaporation from the liquid 
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state and subsequent sublimation from the frozen state and could 
be increased further to 93% by using a mixture of sucrose and algin 
as the vehicle. 

Stille (288), who felt that the suspending medium was a more 
important factor than the temperature, found that high pH’s de- 
creased the cold resistance of microorganisms and that colloids showed 
a protective action. 

Hutton, Hilmoe, and Roberts (136) studied the killing effect of 
certain ice film temperatures and the rate of drying of Brucella abortus. 
Without drying, elevation of ice film temperatures did mot cause a 
reduction in the numbers of viable cells present if the frozen suspen- 
sions of cells were substantially salt-free. On the other hand, recovery 
of viable cells after freeze-drying was extremely low unless salt was 
present in the suspension to be preserved. 

Haskins and Anastasiou (121) in a limited series of tests of sus- 
pending vehicles (0.1% algin, water, beef serum, casein hydrolysate, 
10% peptone, 20%% sucrose, 20‘~ glucose, 20% sucrose + 10% 
peptone, and 20% sucrose + 0.5% ascorbic acid), using the centri- 
fuge method for the preservation of Aspergillus niger, showed that 
20% glucose or sucrose permitted the greatest survival (80%). The 
importance of the suspending medium was re-emphasized by Haskins 
and Blackwood (122) at the Society of American Bacteriologists’ sym- 
posium on the maintenance of cultures of microorganisms (222). 

Nakagawa and Nakamura (207) compared 10%, cattle serum, 4% 
glycerin and Kirchner's medium containing 10‘; horse serum as sus- 
pending vehicles. Ten per cent cattle serum proved most effective in 
preserving the infectivity of Mycobacterium lepraemurium. 

Squires and Hartsell (279), investigating the effect of the storage 
menstrua on frozen Escherichia coli suspensions, found that when 
cultures were frozen at —25°C and stored at —9°C, a M/15 phosphate 
buffer plus 5“% glycerine (pH 7.0) gave the best protection; that the 
buffer alone protected against storage death and limited deviations in 
generation times; and that a yeast extract-vitamin broth alone offered 
only limited protection against storage death and inhibited growth 
initiation following short storage periods. 

Addition of 3% lactose, glucose or sucrose to the suspending 
medium has been shown to increase survival of bacteria from less 
than 5% to 50 or 100% immediately after lyophilization. In contrast 
to the reports of other investigators, these results showed that per- 
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centage survival after storage was extremely low with added glucose 
but remained high with sucrose or lactose. Inexplicably, the addition 
of casein, albumin or other proteins gave little protection in these 
same experiments (127). 

There is mounting evidence that, for the freeze-drying of some 
organisms, suspending media are neither necessary nor desirable. Buell 
(33) and Mazur (183) reported that dry spores of Aspergillus flavus 
lyophilized by the NRRL method gave 95°% germination immediately 
after processing. 

Sharp and Smith (264) lyophilized Pwccinia uredospores by the 
NRRL method and found no measurable survival with any vehicle 
tested (serum, sucrose, glucose). Without a suspending medium they 
obtained 50-75% survival at 500 days after processing (with freezing ) 
but this declined to one percent on prolonged storage. Unsuspended, 
unfrozen preparations showed 85-90‘ viability at 300 days. 

The first successful lyophilization of four species of Pythium was 
attributed to the use of solid plant parts as the carrier (280). All 
liquid and semi-liquid suspending media tested failed to give satis- 
factory results. The investigators suggested that success with the use 
of plant material may be due to faster freezing and drying or to less 
mechanical damage to the cells during freezing as a result of the low 
water content and the greater surface area of the straws. They also 
considered it possible that the straws provided a more favorable 
medium during the rehydration stage. Unsuccessful attempts to lyo- 
philize nine species of Pythium, using beef blood serum as the sus- 
pending medium, had been reported earlier (64). 

Graham (88) found that dry teliospores of Ustilago tritici survived 
quick freezing with only a slight reduction in germination counts and 
that freeze-drying showed no additional destruction. Teliospores sus- 
pended in a mixture of one part broth and three parts serum with 
7.5% glucose (“Mist. desiccans”) (76), with or without added egg 
yolk, showed greatly reduced germinability after freezing and addi- 
tional damage after freezing and drying. 

Water and saline, though they give some immediate survival (136, 
217), do not offer sufficient protection for prolonged survival (129). 
Sodium chloride in the suspending medium has shown a marked de- 
leterious influence on microorganisms during slow-air-drying and, to a 
lesser degree, during sublimation from the frozen state. 

The great majority of investigators have agreed that a protective 
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colloid such as broth, serum, blood or milk is required for satisfactory 
freeze-drying and that its protective action is) the result of colloidal 
absorption of concentrated solutes, during freeze-drying (67), ab- 
sorption of toxic substances excreted by the organism. during, its re- 
duced tespiration in storage (328), reinforcement of the,.cell envelope 
(236), retention of »minimal amounts of moisture (236), or of, re- 
duction in the amount.of. intracellular, ice, formation (230). Increased 
concentrations of colloidal materials have given bigher survival rates 
after long-term storage than have low concentrations (75). The death 
rate of bacteria during drying has. been shown co decrease with increas- 
ing hydrophilic properties and. decreasing gold, number of colloidal 
suspending media (129). Addition of the anti-oxidant, ascorbic acid, 
to colloidal suspending media has been suggested as a. means of ex- 
tending the storage life of bacteria after, drying (281). The ascorbic 
acid may be partially. replaced by thiourea (209), Marmite, a dried 
nitrogenous : product, from sewage, added to a gelatin-ascorbic acid 
mixture has yielded increased, survival. (209); and lyophil preservation 
of .sensitive, spirochaetes, has been achieved through the use of a 1:1 
mixture of 5%, gastric mucin and modified hormone broth as_ the 
suspending medium (102). 

Sugars have been shown. to. improve survival during drying and sub- 
sequent storage of dried. preparations (27, 34, 75, 76,121, 122, 326), 
Heller (129), found) that dissimilable crystalline compounds of higher 
solubility gave the most satisfactory results and recommended the 
use of a combination of a colloid and a crystalline compound as. the 
suspending medium. Fry. and Greaves,.(76) found that addition of 
five to ren per cent glucose or, lactose to a serum-broth mixture greatly 
enhanced the survival rate; they concluded that this was. due to a 
retention of minimal amounts of moisture which may be necessary 
for survival of the organism during prolonged storage. Skim milk, 
which contains both. a protective, colloid and lactose, appears to be 
a satisfactory medium but, in our, experience, seems to dry more slowly 
than beef blood serum. Application of the knowledge furnished. by 
recent investigations on. the protective action of glycerol, and, other 
substances, during freezing may, result in successful lyophilization of 
fungi which have not yet been so-preserved. 


FREEZING 


Sublimation from the frozen state has been shown by the great 
majority of workers to give more satisfactory results than drying from 
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the liquid:state (66, 75,92, 96, 105, 112, 291, 293, 318). In \general, 
investigators agree that freezing, in addition to. preventing . frothing 
or loss of a suspension during. evacuation, immobilizes the solutes of 
the suspendng media and aids ic prevention of their harmful concen- 
tration. In view of this, it is difficult to explain the reports that. sub- 
limation, from the frozen state was more harmful: to. Pestalotia pal- 
marum. (33) and Aspergillus, flavus, (188). spores than. evaporation 
from the liquid state, and that pre-sublimation quick-freezing .was 
extremely, undesirable for Ustlago tritici, celiospores (89). However, 
the increased. rapidity of drying from the liquid. state may explain 
these results. 

Although a “lethal” zone in the temperature range between 0°C and 
—45°C (p..25) has been demonstrated sepeatedly,, there is, evidence 
that extremely low temperatures are not only unmecessary but -unde- 
sirable, (89, 119,120). Mazur (183,184) found, that, survival of 
Aspergillus flavus after freeze-drying could be improved 60-90//,. (as 
compated with one to two per. cent) when dehydration was affected 
at temperatures, above --10°C. Haskins and Anastasiou (121 ),,de- 
termined that Jow temperature freezing (+-35° 00, --65°C) of sus- 
pensions gave lower germination of Aspergillus miger conidia than 
did, the centrifugal, evaporative, freeze accomplished by Greaves’ .tech- 
nique.’ This..cesult ,was verified. by additional experiments (120) in 
which. the best percentage survival of spores of Alternaria, Aspergillus. 
Fusarium, \Giiocladium, Penicillium and Pestalotia, budding, vegetative 
cells of Ustilago, and uredospores of Puccinia: graminis, P..helianthi 
and Melampsora, lini was obtained when initial freezing was just low 
enough to keep the, suspensions solid until evaporative conditions were 
reached. |, 

A‘ short evacuation from the frozen state, prior to freezing, (“degas- 
sing’) ,has been, shown. to, increase survival (33, 121, 326)..Experi- 
ments haye proved that, these results are due ro a, true degassing effect 
and not to a more efficient wetting of the spore,surface (121), 


DRYING 


There, is a difference of opinion on the most desirable degree of de- 
hydration. Watts and Stamp concluded that the highest degree of 
desiccation did not give the highest survival of Streptococcus agalactiae 
(313), Vibrio cholerae and Neisseria menigitidis (28%) after lyophili- 
zation, and Fisher, (241) found that an increase in,deying, time) was 
accompanied by an increase ia the killing effect, 
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Buell (33), studying the effect of the lyophil process on spores of 
Pestalotia palmarum, concluded that dehydration was crucially respon- 
sible for injury to lyophilized spores and found that it was undesirable 
to continue evacuation after the pellets appeared dry. 

Fry and Greaves (76) found that increases in drying time lowered 
the survival rate both immediately after processing and after storage. 
The beneficial effects experienced with glucose as a medium-additive 
was attributed to its ability to retain minimal amounts of moisture. 

A decreased rate of flow of water vapor was shown to cause a slight 
but consistent improvement in percent viability of Brucella abortus 
following freeze-drying. There appeared to be a marked positive cor- 
relation between degree of dryness and immediate recovery from vials 
stored at room temperature. This effect was not apparent after re- 
frigerator storage for 90 days (136). 

Further uncertainties regarding the optimum degree of dryness have 
been raised by Sharp and Smith who concluded that neither the time 
and temperature of drying (264) nor the rate and extent of dehydra- 
tion (265) affected survival either immediately after processing of 
Puccinia uredospores or during storage; and by Christian and Stock- 
ton (47) who determined that percentages of residual moisture be- 
tween 0.9 and 2.5% showed little correlation with per cent survival 
of Serratia marcescens and Micrococcus pyogenes var. aureus after lyo- 
philization. A recent report on the drying of Serratia marcescens also 
indicates that the final cell moisture content is not the determining 
factor in cell survival (278). 

Obviously the question of the optimum degree of dryness remains 
unsettled, and additional information will be required before final 
conclusions can be reached. The preponderance of the evidence indi- 
cates that the rate of drying is of greater importance than the degree 
of dryness. Methods of increasing the rate of water removal may greatly 
increase the applicability of the freeze-drying technique (51). The 
nature of the suspending medium and its influence during this portion 
of the lyophil process have been demonstrated by a great number of 
investigators and may prove to be of crucial importance. 

The effect of residual moisture in frozen dried material, and methods 
of its measurement, have been reviewed by Beckett (20). 


SEALING ATMOSPHERE 


Although Proom and Hemmons (228) reported satisfactory sur- 
vival of organisms sealed in an atmosphere of nitrogen, comparisons 
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by other workers (3, 41, 47, 57, 209, 248) have shown that sealing 
freeze-dried preparations in vacuo is the preferred method. This fact 
has been recognized and applied by the great majority of those persons 
who utilize lyophilization for the maintenance of fungus cultures. 

In my own experience, sealing im vacuo is essential for satisfactory 
conservation by the NRRL lyophil process. Even obviously poorly- 
dried specimens have given satisfactory growth after storage if the 
vacuum in the tubes was maintained. On the other hand, apparently 
well-dried preparations in tubes which lack the characteristic “pop” 
when opened usually have failed to yield viable cultures. Pellets from 
these latter ampoules are spongy and insoluble. Whether this is due 
to the coagulation of the proteins as a result of continued exposure 
to concentrated solutes redissolved in traces of atmospheric moisture 
or to oxidation is not known. 


STORAGE CONDITIONS 


Refrigerator storage has been recommended for freeze-dried prepa- 
rations, although there is little experimental evidence in support of 


its necessity. In general, the recommendation has been made on a 
“it-can't-hurt-and-it-might-help” basis. Proom and Hemmons (228) 
found that suitably dried cultures could be stored at room temperature 
for long periods but that when traces of moisture remained in the 
ampoules, refrigerator storage prolonged survival. 

Dried and freeze-dried preparations have been shown to be resistant 
to extremely rigorous treatments, and this may indicate that storage 
conditions are not of particular importance in this method of con- 
servation. 

Becquerel (21) reported that conidia of Mucor mucedo, M. race- 
mosus, Rhizopus niger, Sterigmatocystis nigra and Aspergillus glaucus, 
dried in tubes over caustic anhydride for two weeks at 30°C, pumped 
down to a vacuum of 10% mm. Hg. and sealed, withstood 77 hours 
exposure to a temperature of —190°C. Dried preparations of pneu- 
mococci have been shown to be resistant to various anhydrous sol- 
vents, t0 mercury compounds in alcohol, to optochin and desoxycholic 
acid in alcohol, to phenol and iodine in alcohol, to many essential oils, 
and to 115°C for 30 minutes (79). Fry and Greaves (76) have shown 
that storage in full sunlight for six months did not appear to harm 
certain of their dried cultures. Sharp and Smith (264) reported that 
properly dried preparations of Puccimia uredospores could be stored 
at room temperature but more recently (265) have concluded that 
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lower’ storage temperatures increase longevity, Hauduroy and Tanner 
(124)! ‘have: found thaw lyophilized, antigens can, be preserved . for 
at least :oné: year) at 37°C and are resistant to, heat at 50°C for 30 
days‘ and to boiling at 100°C for ten minutes. 


RECONSTITUTION TECHNIQUES 


Until recently, methods of reconstitution from freeze-dried prepara- 
tions have received’ very limited  attention.. The work, of Luyet, and 
others has indicated that the rate at which moisture .is, reabsorbed has 
varying effects,on different types of cells, Haskins has found that ex- 
posure to a humid’ atmosphere just prior to resuspension..may have 
a beneficial effect (119, 120). Special, germination techniques, shown 
to improve per cent viability, with, Puccimia, uredospores. (263-265), 
may provide their beneficial effects by, preventing separation, of, the 
cell wall from the cell protoplast, which has been observed to occur 
when dried uredospores are immersed directly in water (251)? Spray- 
dried cultures of Lactobacilins bulgaricus showed highest pér’ cent 
viability when reconstituted in fluid’ at '37-50°C, wheréas freeze-dried 
cultures showed highest survival when reconstituted at'21-25°C (277). 
Increases in germination ‘of Ustilago tritici teliospores have been 
achieved by conditioning dried preparations in a water-saturated: at- 
mosphere for 24 hours prior to plating. Lyophilized dry spores; with 
or without a previous quick freeze, had germination levels comparable 
to the controls after such conditioning (88). 

Accurate, counts of viable organisms after freeze-drying are some 
times impossible to obtain because of incomplete resuspension of the 
spores.. Complaints that “ergastics in the medium” have masked ger- 
mination of spores (88) may be the result of imperfect redissolution 
of pellets. The assumption that bacteria dried in serum containing the 
specific antibody might be so sensitized that on reconstitution they 
would agglutinate and so.diminish the number of colonies developing 
in the viability count has been disproved, (140)..by, experiments, in 
which bacteria were lyophilized with their specific, antibodies. 

The extended lag phase in the growth of cultutes reconstituted after 
drying or freeze-drying, and the need for conditioning of spores before 
resuspension may be explained by Udel’nova’s findings that drying 
caused collapse of the protoplasts ‘in ‘cells'of Endomyces magnasti and 
that, in the restoration of cell activity, the vacuoles and chondriosomes 
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were reactivated first and the ouclei were restored at a later stage 
(308). 

Comparisons have been made between growth from. lyophilized 
cultures and from stock cultures on agar maintained for the same 
length'.of ‘time at refrigerator temperatures. Increased growth rates 
and enhanced development of certain morphological characters have 
been, reported by several investigators and have been observed fre- 
quently by this author in routine recultivation from lyophilized prepa- 
rations. These results are almost certainly due to the nutritive materials 
contained in . e suspending media. 


MISCELLANEOUS FACTORS 


Much attention has been given to some of the more obvious variables 
in the lyophil process. Others, of seemingly little importance, may 
deserve investigation. 

a).. Germination of the conidia of some fungi is known to occur 
very quickly, some even at refrigerator temperatures, and ger- 
minated conidia are highly sensitive. The time elapsing between 
preparation of suspensions and initial freezing may be of great 
importance and may account, in part, for the inconsistent results 
which have been observed. 


6). Wetting agents have been used by many investigators to facili- 
tate wetting of spores in the preparation of suspensions. Dode- 
cylpyridinium chloride at concentrations of 1:10,000 and 1: 100,- 
000 has exerted complete inhibition against bacteria, yeasts and 
molds (268). Sodium lauryl sulfate (Duponol, Oryus, Maprofix) 
and sodium alkylbenzene sulfonate (Santomerse, Ultrawet, Nac- 
conal) showed lower but still obvious inhibition, Evidence that 
this inhibition is a characteristic of cationic detergents and not 
of anionic compounds has been presented recently (8). 


c), Light, even weak north light or that provided. by, strip. illumi- 
nation in the laboratory, has been suspected of exerting a de- 
leterious effect, during freeze-drying operation (28). Bacterial 
cultures in suspension have been completely sterilized by 30- 
minutes exposure to diffuse light (56), and 50-minutes exposure 
to daylight on clear or cloudy days has proved lethal for 50% 
of the dried cells of an alpha-hemolytic streptococcus (32). 


d)., Centrifugation has been shown to destroy some ,organisms 
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(331), yet, for some of the comparative and analytical work 
on the affect of the various steps of the lyophil process, cells to 
be preserved have been centrifuged. 


APPLICABILITY OF THE METHOD TO FILAMENTOUS FUNGI 


There are many reports of greatly extended viability in lyophilized 
bacterial cultures. Although the method has been widely used for 
the preservation of fungi in recent years, few reports have appeared 
in the literature. 


An early report (328) of satisfactory preservation of “16 Derma- 
tophytes and other molds” by lyophilization preceded Raper and 
Alexander's (233) successful application of the method to the large 
and varied collection of fungus cultures at the Northern Regional 
Research Laboratory. At that time, many strains of Aspergillus and 
Penicillium and representative members of the Mucorales had remained 
viable for up to 40 months, and a limited number of other Hypho- 
mycetes had survived for 20 months. They had been unsuccessful, 
however, in their efforts to preserve members of the Entomophthorales. 
This report later was extended and expanded. Twenty-three strains of 
Aspergillus, Penicillium, Gliocladium, Blakeslea and Rhizopus were 
viable and unchanged at five and seven years. Of 245 representatives 
of the Mucorales, all survived for two to two and one-half years. Of 
the Hymenomycetes attempted (Fomes, Poria, Polyporus, Lenzites, 
Stereum) only Stereum failed to grow immediately after processing. 
All of the pathogenic fungi treated survived satisfactorily. No success 
was realized with the water molds Achlya, Pythium or Plectospira 
(64). Lyophilized cultures of representative strains of all species of 
Aspergillus and Penicillium have been reported viable with but two 
exceptions (197) following storage for periods up to 15 years. Lyo- 
philization as a means of preserving members of these two genera 
has been recommended highly by Thom and Raper (234, 302). 

Wickerham and Flickinger (329) successfully preserved 98.1% of 
1161 strains of yeasts for 51 months by the NRRL process. 


Sharp and Smith (264), who found that Puccinia uredospores could 
be freeze-dried most satisfactorily without a suspending medium, 
maintained these spores for 500 days without physiological changes. 
Later work has shown that lyophilized spores of Puccinia coronata f. sp. 
avenae and P. graminis f. sp. avenae are effective as inoculum and show 
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no evidence of change in infection type after storage for five and one- 
half years (265). 

Oogonium-producing isolates of Pythium acanthicum, P. wreguare, 
P. paroecandrum and P. debaryanum have been lyophilized success- 
fully when organic plant material was used as the suspending medium. 
Negative results were reported for P. aphanidermatum and for four 
other strains of Pythium, three sporangium-producing isolates and one 
mycelial form. P. acanthicum has been stored at room temperature for 
14 months with no viability loss (280). 

Daily and McGuire (54), who were first to lyophilize cultures of 
algae successfully, listed 15 survivors of 22 Chlorophyta processed, two 
of two Chrysophyta, and seven of seven Cyanophyta. The one mem- 
ber of the Bacillariophyceae which they tried failed to survive. No 
morphological changes were observed in any survivor. 


OBJECTIONS 


One of the objections to the lyophil process, the possible Joss of cer- 


tain morphological characteristics or physiological responses, has been 
supported by a limited number of reports (11, 59, 60, 82, 215, 292, 
333) but has been refuted by many observations. 


Survival percentages have been shown to be quite low following 
freeze-drying, and it has been contended that those “resistant” indi- 
viduals which remain viable may have quite different physiological 
characters and capabilities than the total population of the original 
suspension. However, Fry and Greaves (76), working with a bacillus, 
showed that the percentage of survivals remained the same through 
four dryings, and there was no evidence that the survivors at any 
stage showed increased resistance. 


Reports of successful maintenance of fungi frequently have made 
only brief reference to the retention of physiological characteristics. 
However, investigations in other areas have shown that lyophilization 
is to be recommended for maintaining bacteria and viruses in a par- 
ticular phase (19, 41, 57, 69, 91, 140) or state of virulence (139, 257, 
269, 285, 309, 322); for. improving the reproducibility of assay curves 
(38, 213, 311); for standardizing commercial legume inoculants (5, 
6); for maintaining the physiological characteristics of organisms dur- 
ing long-term nutritional studies (243); and for maintaining the bio- 
synthetic capacities of organisms used in the manufacture of anti- 
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biotics (64, 232, 234), acids (64, 302) and butylene glycol (282). 
The widespread use of the lyophil method of preservation by indus- 
trial: laboratories, where vast and expensive fermentations depend on 
the stability of their cultures, seems to offer overwhelming evidence 
that physiological: characters are maintained unchanged ‘by the great 
majority of lyophilized cultures. 

A second objection, the possibility of infection of personnel, has 
been considered briefly. Evidence has been obtained that viable micro- 
organisms may be present in the vapor removed from frozen suspen- 
sions by vacuum desiccation (286), that the technician's hands be- 
come heavily contaminated during removal of the ampoules from the 
apparatus (presumably a. desiccator) (238), and that. large numbers 
of organisms are set free into the surrounding environment when 
ampoules are opened. (239). This last danger can be avoided by. sur- 
rounding the point of ampoule breakage with a 70‘% ethanol-soaked 
cotton pad (239) or by applying a hot glass bead to the file scratch, 
permitting a gentle inflow of air through the fine crack produced (76). 

The complexity of the lyophil process and the requirement for 
elaborate and expensive apparatus have been cited as still other ob- 
jections. Vacuum pumps, the most expensive part of the apparatus, 
have become standard equipment in most biological laboratories. There 
can be no better defense against claims of complexity of the process 
than the relaxed attitude of the technician at the Northern Utilization 
Research and Development Division as she operates the lyophil ap- 
paratus and the ease with which she makes three complete lyophil runs 
in a single day. 

In my opinion, the one real objection to this method of conser- 
vation, aside from the fact that not all fungi withstand the process, is 
that a lyophil tube can be used but once. 


DISCUSSION 


As there are well recognized generic, specific and strain differences 
in the morphology of fungi, it is becoming more and more apparent 
that a degree of specificity exists in their ability to withstand low 
temperatures; in the length of time they will survive such exposure; 
in their response to different rates of cooling and thawing; in their 
requirements of suspending menstrua, temperature of. storage, atmos- 
phere of storage, and reconstitution methods. It becomes, then, impos- 
sible to say that any one technique of freeze-drying is most satisfactory. 
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_ Critics of the lyophil process have expressed horror at the empirical 
nature of the technique as reported by many authors. They are quite 
right in feeling that more critical data concerning original counts, 
temperature and vacuum conditions during processing, ‘storage condi- 
tions, survival percentages and retention of physiological, characters are 
essential for comparison of the various methods. However, the most 
enthusiastic users of the technique have been those concerned with the 
maintenance of large numbers of diverse cultures. Limitations of time 
have made it impossible for these investigators to make accurate an- 
alyses of survival, and for them the ‘‘dead-or-alive’ report, has been 
adequate. 

It is true, as Westerdijk says, that a lyophilized culeure “offers but 
small inspiration and aesthetic pleasure . . . for the curator of a fun- 
gous gafden”. Currently, however, most curators appear) to be willing 
to sacrifice inspiration and pleasure for the peace-of-mind.which comes 
from the realization that many of their organisms are safely preserved 
for many years, without danger of loss from contamination, variation, 
mites or death. 


CONCLUSIONS 


Comments on the applicability of the various methods of preserva- 
tion have been included at the end of each section and no’ particular 
purpose, would be served by their repetition. 

It is, perhaps, noteworthy that certain génera, e.g., Actinomyces, 
Aspergillus, Fusarium, Penicillium, Mucor, and Rhizopus, have been 
successfully preserved by all of the techniques considered here. Their 
ability to survive under a variety of conditions is undoubtedly a meas- 
ure of their inherent resistance and an explanation of their ubiquity. 


More fastidious and sensitive organisms will inevitably require special 
methods based on a more thorough understanding of ‘their ‘specific 
physiological characteristics. Even now, by the application of a modi- 
fied lyophil process, success has been attained with organisms. which 
yielded reluctantly to conservation by this: technique. 


The possibility of achieving a state of suspended animation by 
freezing bas intrigued the imaginations of investigators (9,22) for 
many years, and there is a tremendous accumulation of literature on 
the response of living cells and tissues to very low temperatures. It has 
been estimated that, if all chemical reactions and physical, processes 
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could be arrested or controlled, the death rate of spores which normally 
live for one year at +10° and +20°C would be slowed 85,300 times 
at —100°C and the reduction in rate would be 7.13x 10" times at 
—270°C (272). 

Thus far, freezing has been used very infrequently for extending 
the life expectancy of fungi, and even now experimentation in this 
field is almost entirely confined to other living material. However, ap- 
plication of the information obtained from these investigations may 
result in the development of processes which will permit the survival 
of microorganisms for infinite periods. 

Organisms vary in their response to methods of preservation as 
they do in their morphological characters, and not one of the current 
methods can be successfully applied to all fungi. However, eventual 
discovery of treatments which will satisfactorily preserve all micro- 
organisms for greatly extended periods is almost a certainty. Whether 
these will be further adaptations of existing processes or entirely new 
procedures resulting from continued investigation and experimentation 
remains to be seen. 
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